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ABSTRACT
We present chemical abundances for planetary nebulae in M32, NGC 185, and NGC 205 based
upon spectroscopy obtained at the Canada-France-Hawaii Telescope using the Multi-Object Spec-
trograph. From these and similar data compiled from the literature for bright planetary nebulae
in other Local Group galaxies, we consider the origin and evolution of the stellar progenitors of
bright planetary nebulae in galaxies where star formation ceased long ago. The ratio of neon
to oxygen abundances in bright planetary nebulae is either identical to that measured in the
interstellar medium of star-forming dwarf galaxies or at most changed by a few percent, indi-
cating that neither abundance is significantly altered as a result of the evolution of their stellar
progenitors. Several planetary nebulae appear to have dredged up oxygen, but these are the ex-
ception, not the rule. The progenitors of bright planetary nebulae typically enhance their original
helium abundances by less than 50%. In contrast, nitrogen enhancements can reach factors of
100. However, nitrogen often shows little or no enhancement, without any relation between the
level of enrichment and other parameters studied here, suggesting that nitrogen enrichment is a
random process. The helium, oxygen, and neon abundances argue that the typical bright plane-
tary nebulae in all of the galaxies considered here are the progeny of stars with initial masses of
approximately 1.5M⊙ or less, based upon the nucleosynthesis predictions of current theoretical
models. These models, however, are unable to explain the nitrogen enrichment or its scatter.
Similar conclusions hold for the bright planetary nebulae in galaxies with ongoing star formation.
Thus, though composition varies significantly, there is unity in the sense that the progenitors of
typical bright planetary nebulae appear to have undergone similar physical processes.
Subject headings: galaxies: abundances—galaxies: individual: M32—galaxies: individual: NGC 185—
galaxies:individual: NGC 205—ISM: planetary nebulae (general)—stars: evolution
1Visiting Astronomer, Canada-France-Hawaii Tele-
scope, operated by the National Research Council of
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de France, and the University of Hawaii
1. Introduction
The planetary nebula luminosity function
(PNLF) has proven remarkably successful as a
distance indicator (e.g., Ciardullo et al. 2002).
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This success is based upon the constancy of the
peak luminosity as a function of galaxy morphol-
ogy, which is presumably a proxy for the mean age
of the stellar progenitors of the brightest plane-
tary nebulae (e.g., Marigo et al. 2004). The con-
stancy of the peak luminosity suggests that it is
either degenerate to a variety of stellar evolution
parameters, or that some subset of planetary neb-
ulae populations are common to the majority of
galaxies.
Chemical abundances derived from spectroscopy
of the brightest planetary nebulae in different
galaxies provide a diagnostic tool to determine
how similar these planetary nebulae are. Such
studies now exist for many galaxies within the Lo-
cal Group. Generally, the abundances in bright
planetary nebulae trace those in the stellar pop-
ulations of their host galaxy. Host metallicities
span a range of about an order of magnitude, as
judged from oxygen abundances in planetary neb-
ulae or from integrated light (see the references
in §3 and Table 11). Therefore, bright planetary
nebulae do not arise from some stellar population
that is common to all or most galaxies, at least
as regards chemical composition. These studies
can be taken a step further, though, and used
to investigate whether the stellar progenitors of
these bright planetary nebulae underwent similar
evolutionary processes.
It is well-known that the stellar progenitors of
planetary nebulae modify their initial chemical
composition through the course of their evolution.
Furthermore, the chemical abundances that are
modified and the extent to which they are modified
depend upon the star’s initial mass and metallic-
ity as well as the assumptions adopted concerning
convective overshooting, at the lower boundaries
of both the convective envelope and the pulse-
driven convective zone during a thermal pulse
(e.g., Forestini & Charbonnel 1997; Marigo
2001; Herwig 2005; Karakas & Lattanzio 2007).
Typically, the matter that is returned to the in-
terstellar medium via the nebular shell is enriched
in helium and often in nitrogen, carbon, and s-
process elements (e.g., Forestini & Charbonnel
1997; Busso et al. 2001; Marigo 2001). Recently,
theoretical work has questioned whether oxygen
is also produced (Herwig 2000, e.g.,) and some
examples where this occurs have been found (e.g.,
He 2-436 in the Sagittarius dwarf galaxy or the PN
in Sex A; Pe´quignot et al. 2000; Magrini et al.
2005).
Here, we focus on the general problem of which
elemental abundances are modified during the evo-
lution of the progenitors of the brightest planetary
nebulae. The brightest planetary nebulae are of
greatest interest because they are the ones that
are being used to draw inferences about the chem-
ical evolution of their hosts. In particular, we ar-
gue that the great majority had progenitors that
were not sufficiently massive to dredge up signif-
icant quantities of oxygen, which sets an upper
limit to their initial mass, or that convective over-
shooting at the lower boundary of the pulse-driven
convective zone is inefficient. Primarily, we focus
upon the planetary nebulae in galaxies where star
formation ceased long ago, but then also consider
the planetary nebulae in galaxies (or galactic com-
ponents) with ongoing star formation. In Section
2, we present new spectroscopic observations of
planetary nebulae in M32, NGC 185, and NGC
205 as well as the reduction and analysis of these
data. In Section 3, we compile similar data for
the planetary nebulae in other galaxies of the Lo-
cal Group. In Section 4, we determine what trends
exist among elemental abundances and then pro-
ceed to interpret these in terms of the evolution of
the progenitors of bright planetary nebulae in Sec-
tion 5. In Section 6, we present our conclusions.
2. Observations and Analysis
2.1. Observations and Data Reductions
The observations were obtained at the Canada-
France-Hawaii Telescope using the Multi-Object
Spectrograph (MOS; Le Fe`vre et al. 1994) on UT
17-19 August 1998. The MOS is a multi-object,
imaging, grism spectrograph that uses focal plane
masks constructed from previously acquired im-
ages. The object slits were chosen to be 1′′ wide,
but of varying lengths to accommodate the ob-
jects of interest. In all cases, however, the slit
lengths exceeded 12′′. We used a 600 lmm−1
grism that gave a dispersion of 105 A˚mm−1 and
a central wavelength of 4950 A˚. The detector was
the STIS2 2048 × 2048 CCD. The pixel size was
21microns, yielding a spatial scale at the detec-
tor of 0.′′43pixel−1. The spectral coverage var-
ied depending upon the object’s position within
the field of view, but usually covered the 3700-
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6700 A˚ interval. Likewise, the dispersion was typi-
cally 2.1 A˚ pixel−1, but varied depending upon the
object’s position within the field of view (from
1.9 A˚ pixel−1 to 2.2 A˚ pixel−1). Images in the light
of [O III]λ5007 and the continuum at 5500A˚ were
acquired on UT 17 August 1998 and used to se-
lect objects for observation. Spectra were obtained
along columns as detailed in the observing log in
Table 1. The photometric calibration was achieved
using observations of BD+17◦4708, BD+25◦3941,
BD+26◦2606, BD+33◦2642, and HD 19445 ob-
tained over the course of the three nights (at least
two standard stars were observed per night). Spec-
tra of the mercury, neon, and argon lamps were
used to calibrate in wavelength. Pixel-to-pixel
variations were removed using spectra of the halo-
gen lamp taken through the masks created for the
standard stars and the three galaxies.
The spectra were reduced using the specred
package of the Image Reduction and Analysis
Facility1 (IRAF). The procedure for data re-
duction followed approximately that outlined in
Massey et al. (1992). Briefly, the mean of the
overscan section was subtracted from all im-
ages. A zero-correction image was constructed
from overscan-subtracted bias images and was
subtracted from all images. The fit1d task was
used to fit the columns of the overscan- and
zero-correction-subtracted flat field images with
a many-piece linear spline to remove the shape
of the halogen lamp to form normalized flat field
images. Images of the standard stars and the
galaxies were divided by the appropriate normal-
ized flat field image. The spectra of the planetary
nebulae were then extracted and calibrated in
wavelength using the spectra of the arc lamps.
Next, the spectra of the standard stars were used
to calibrate in flux. Finally, flux- and wavelength-
calibrated spectra were co-added to produce the
final spectrum for each object.
2.2. Line Intensities
For each planetary nebula, Tables 2-6 present
the raw line intensities normalized to Hβ and their
uncertainties (1 σ) on a scale where the Hβ line has
1IRAF is distributed by the National Optical Astronomical
Observatories, which is operated by the Associated Uni-
versities for Research in Astronomy, Inc., under contract
to the National Science Foundation.
an intensity of 100. The line intensities were mea-
sured using the software described in McCall et al
(1985). This software simultaneously fits a sam-
pled gaussian profile to the emission line(s) and a
straight line to the continuum. The quoted errors
include the uncertainties from the fit to the line
itself, the fit to the reference line (Hβ), and the
noise in the continuum for both lines. For those
lines where no uncertainty is quoted, the intensity
given is an upper limit (2 σ).
Tables 2-6 also include the reddening deter-
mined from Hα/Hβ and Hγ/Hβ, assuming intrin-
sic ratios appropriate for the temperature and den-
sity observed. The temperature and density fi-
nally adopted for each object is given in Tables
7-9 (see §2.3 for details). Normally, both esti-
mates of the reddening agree within errors, im-
plying that there are no severe errors in the flux
calibration. The Fitzpatrick (1999) reddening law
was used, parametrized with a total-to-selective
extinction of 3.041. This parametrization deliv-
ers a true ratio of total-to-selective extinction of
3.07 when integrated over the spectrum of Vega
(McCall 2004), which is the average value for the
diffuse component of the interstellar medium of
the Milky Way (McCall & Armour 2000). The
uncertainties quoted for reddenings, temperatures,
and densities are derived from the maximum and
minimum line ratios allowed considering the un-
certainties in the line intensities.
The line intensities were corrected for reddening
according to
log
F (λ)
F (Hβ)
= log
I(λ)
I(Hβ)
−0.4E(B−V )(A1(λ)−A1(Hβ))
(1)
where F (λ)/F (Hβ) and I(λ)/I(Hβ) are the ob-
served and reddening-corrected line intensity ra-
tios, respectively, E(B−V ) is the reddening deter-
mined from F (Hα)/F (Hβ), when available, and
A1(λ) is the extinction in magnitudes for E(B −
V ) = 1mag, i.e., A1(λ) = A(λ)/E(B − V ), A(λ)
being the reddening law (Fitzpatrick 1999). The
values of A1(λ) used for all lines are given in col-
umn 3 of Tables 2-6. The optical depth at 1µm,
which is a much clearer descriptor of the amount
of obscuration, can be computed by multiplying
E(B − V ) by 1.054 (see McCall 2004).
A few of the final spectra of the planetary neb-
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ulae in M32 and NGC 205 had anomalously low
ratios of Hα/Hβ. In all cases, these spectra were
from slits close to the edges of the field of view
(in the spectral direction). The affected spectra
are those of PN1 and PN3 in NGC 205 and PN7
and PN30 in M32. These spectra may be iden-
tified in Tables 2-6 since a measurement is given
for Hα, but no reddening is computed from the
Hα/Hβ ratio. In those cases, the line intensity
for Hα was scaled to the value expected given the
reddening found from the Hγ/Hβ ratio. Also, the
line intensities for lines in the red, λ ≥ 5876A˚,
were calculated relative to Hα and scaled by the
same factor as Hα. In principle, this effect should
be due to some undocumented vignetting within
the spectrograph. The principal uncertainty re-
sulting from our correction scheme will be regard-
ing the abundance of He◦ for the affected objects.
N+ abundances should not be affected due to the
proximity of the [N II] lines to Hα.
All of the planetary nebulae observed here were
previously known from the list of Ciardullo et al.
(1989), save the object # 3273 from the list of
Merrett et al (2006). The finding chart and coor-
dinates for this object are given in Fig. 1.
2.3. Physical Conditions and Chemical
Abundances
Tables 7-9 present the electron temperatures as
well as the ionic and elemental abundances derived
for each object. The atomic data employed for ions
of N, O, and Ne are listed in Table 10. For H◦ and
He+, the emissivities of Storey & Hummer (1995)
were used. For He◦, we used an extended list of
the emissivities from Porter et al. (2005) that was
kindly provided by R. Porter.
The ionic abundances were derived using the
SNAP software package (Krawchuk et al. 1997).
The electron temperature adopted is always based
upon the [O III]λλ4363/5007 ratio, the upper
limit being used when [O III]λ4363 was not de-
tected. An electron density of 2000 cm−3 was
adopted for all objects, based upon the distri-
bution of densities in Galactic planetary nebulae
found by Riesgo & Lo´pez (2006). When detected,
the [S II]λλ6716,6731 lines are usually compatible
with this density, within uncertainties. If only an
upper limit is available for the lines of a given ion,
that limit is used.
Using a lower limit for the electron tempera-
ture will underestimate the abundances of oxy-
gen, nitrogen, and neon ions (collisionally-excited
lines), while it will slightly overestimate the abun-
dances of helium ions (recombination lines). If
limits are available for both an abundance diag-
nostic and electron temperature, it is not strictly
possible to know whether the result is a limit to
the ionic abundance. However, since a metal diag-
nostic varies exponentially with temperature, but
linearly with abundance, it is likely that the result
is still a lower limit to the ionic abundance.
The elemental abundances were calculated from
the ionic abundances using the ionization correc-
tion factors (ICFs) proposed by Kingsburgh & Barlow
(1994). In this scheme, the N/O and Ne/O abun-
dance ratios that are tabulated in Tables 7-9 are
simply the N+/O+ and Ne2+/O2+ ionic ratios,
respectively. We are interested primarily in the
helium and oxygen abundances and in the N/O
and Ne/O abundance ratios, so the ICFs matter
most for oxygen. The ICF for oxygen is a func-
tion of the He+ and He2+ abundances, and so
of the intensities of He Iλ5876 and He IIλ4686.
We almost always measure He Iλ5876 (PN30 in
M32 is the only exception), but often only have
an upper limit to He IIλ4686. When we only
have upper limits to the helium lines, our ICF for
oxygen will be slightly overestimated. Nonethe-
less, since the ICFs are usually near unity (PN30
in M32 is the only exception), any error in the
oxygen abundance should also be small. Since
the ICFs required to compute the nitrogen and
neon abundances are linear functions of the oxy-
gen abundance, any overestimate in the oxygen
abundance translates into similar overestimates
of the nitrogen and neon abundances, though the
N/O and Ne/O ratios are unaffected.
In Tables 7-9, the uncertainties quoted for all
quantities account for the uncertainties in the line
intensities involved in their derivation, including
the uncertainties in the reddening. However, the
quoted uncertainties in the elemental abundances
do not include the uncertainties in the ICFs.
In the calculation of the elemental abundances,
we made an effort to adopt a scheme that treated
all objects as homogeneously as possible. Occa-
sionally, this may have resulted in less than opti-
mal elemental abundances for some objects. How-
ever, it has the advantage of uniformity, i.e., any
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drawbacks are common to all objects. For exam-
ple, it is feasible to use singlet lines of He I to com-
pute He+/H in some objects, but not in all. To
avoid the risk of introducing spurious differences,
we chose to use common lines for all objects. The
one exception to this rule is the O+/H ionic abun-
dance. Generally, the ionic abundance based upon
[O II]λ3727 was used in favor of that based upon
[O II]λλ7319,7331, but the latter lines were used
when [O II]λ3727 was not available.
2.4. Reliability of the Line Intensities and
Elemental Abundances
The uncertainties tabulated for our line inten-
sity measurements are the formal uncertainties as-
sociated with the analysis of the data. Given the
difficulty of obtaining the data with 4-m-class tele-
scopes, it is helpful to compare with independent
measurements of the same objects to gauge the ab-
solute uncertainties. Most valuable to this cause
are measurements by Richer & McCall (1995)
and Richer et al. (1999). In Fig. 2, we com-
pare our line intensities for planetary nebulae in
M32 in common with Richer et al. (1999). Gen-
erally, the agreement is reasonable. Lines stronger
than Hβ from both studies agree to within ±10%,
while lines of order 0.1I(Hβ) have relative uncer-
tainties of ∼ 100%. A similar trend is found when
comparing the current data for planetary nebulae
in NGC 185 and NGC 205 with those presented in
Richer & McCall (1995) though fewer data are in-
volved and the measurements of Richer & McCall
(1995) are considerably more uncertain than those
of Richer et al. (1999). Richer & McCall (2006)
discuss this issue further.
Oxygen abundances for some of the plane-
tary nebulae in M32 were previously presented
by Richer et al. (1999). We compare the oxygen
abundances found here with that study in Fig.
3. Considering that many of the previous abun-
dances were lower limits due the availability of
only upper limits for the electron temperatures
(i.e., [O III]λ4363 was often not previously de-
tected), we find excellent agreement. In the two
cases where there were previously measured tem-
peratures, the oxygen abundance agrees in one
case and is apparently discrepant in the other.
However, the uncertainties quoted here include
the uncertainty in reddening whereas the uncer-
tainties quoted by Richer et al. (1999) do not.
Therefore, this discrepancy is smaller than it ap-
pears. Where there were previously temperature
limits and now measured temperatures, the cur-
rent oxygen abundances are higher, as expected.
Finally, where there is currently still only a limit to
the temperature, the oxygen abundance is higher,
again as expected given our better sensitivity (and
a lower temperature limit).
3. Data for Planetary Nebulae in Other
Galaxies
In order to construct a more representative
sample of bright planetary nebulae in galaxies
without star formation, we compiled the data
available for planetary nebulae in the bulge of
M31, M32, NGC 147, Sagittarius, and Fornax
from the literature (Walsh et al. 1997; Jacoby & Ciardullo
1999; Richer et al. 1999; Roth et al. 2004; Knaizev et al.
2006; Zijlstraa et al. 2006; Gonc¸alves et al. 2006).
For comparison with bright planetary nebulae in
galaxies with star formation, we adopt the data
compilation from Richer & McCall (2007) aug-
mented with data for planetary nebulae in the
disk of M31 from Jacoby & Ford (1986) and
Jacoby & Ciardullo (1999) as well as the three
planetary nebulae reported here (PN4, PN17, and
M3273 in the field of M32). Table 11 summarizes
our abundances for the planetary nebulae in all
of these galaxies. The total sample consists of 84
and 82 bright planetary nebulae in galaxies with
and without star formation, respectively.
The data compiled from the literature were an-
alyzed in the same fashion as described in §2.3
for our own data. One difference, however, is
the absence of upper limits to undetected lines
of [O III]λ4363 and He IIλ4686. When a tem-
perature or its limit could not be determined, no
abundances were computed. When He IIλ4686
was not detected, the ICF for oxygen is a lower
limit (unity), leading to lower limits to the abun-
dances of oxygen, nitrogen, and neon, though N/O
and Ne/O are not affected.
We restrict our samples of planetary nebulae
to those that are intrinsically brightest, within
2mag of the brightest in each galaxy. In principle,
these should be the objects with the spectra of the
highest quality within each galactic sample. We
note, however, that all of the planetary nebulae in
NGC 147 have intrinsic luminosities considerably
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fainter than those included from the other galaxies
(Corradi et al. 2005). Selecting objects bright in
[O III]λ5007 affects the planetary nebula sample
in two known ways (and perhaps in others yet
unknown). First, as Fig. 4 illustrates, at least for
oxygen abundances below that of the interstellar
medium (ISM) in the SMC, high [O III]λ5007
luminosity favors the most oxygen-rich plane-
tary nebulae in each galaxy (Dopita et al. 1992;
Richer & McCall 1995), and so may preferen-
tially select objects derived from recent star for-
mation. Second, high [O III]λ5007 luminosity
also favors planetary nebulae early in their evo-
lution (e.g., Jacoby 1989; Stasin´ska et al. 1998;
Scho¨nberner et al. 2007).
4. Abundance trends
Figure 5 presents the correlation between neon
and oxygen abundances for bright planetary neb-
ulae in different galaxies. To help improve the
clarity of this and the following figures, error bars
are only shown for the data presented here. For
the planetary nebulae in other galaxies, those in
dwarf irregulars have somewhat lower uncertain-
ties (especially in the case of Leo A and Sex-
tans A and B), those in Fornax and Sagittarius
have much smaller uncertainties, and those in M31
have slightly larger uncertainties. The dashed line
shows the Ne-O relation for bright planetary neb-
ulae while the solid line is the relation between
these two elements in the interstellar medium in
emission-line galaxies (Izotov et al. 2006). A fit
of the Ne-O relation for the bright planetary neb-
ulae in galaxies without ongoing star formation
(M31 bulge, M32, dwarf spheroidals) yields
12+log(Ne/H) = (1.016±0.051)X+(−0.87±0.43),
(2)
where X = 12 + log(O/H). Within uncer-
tainties, this fit is identical to that found by
Richer & McCall (2007) for the planetary neb-
ulae in dwarf irregular galaxies. Formally, the
slope and intercept differ from the values found
by Izotov et al. (2006), but the difference be-
tween these relations is minimal, never exceeding
0.05dex, over the abundance range in common,
7.5 dex < 12 + log(O/H) < 8.5 dex.
Figure 6 plots the N/O ratio as a function of
oxygen abundance. The solid line is the limit-
ing value of N/O found in star-forming galaxies
(Izotov et al. 2006). Although the uncertainties
are substantial, since N/O is determined from the
N+/O+ ratio, both of which are minority species,
the scatter does appear to be real. In particular,
no anomalously low values are found, suggesting
confidence in the N/O ratios.
Figure 7 presents the helium abundance as a
function of the oxygen abundance. The solid line
is a fit to these elemental abundances in emission-
line galaxies from Olive et al. (1997). This re-
lation is a reasonable approximation to a lower
envelope for the abundances in planetary neb-
ulae, demonstrating that many planetary neb-
ulae do not modify their original helium con-
tent. Note that this relation is only calibrated to
12 + log(O/H) ∼ 8.2dex. Plotting helium abun-
dances as a function of the N/O ratio yields no
new information. In particular, no significant cor-
relation is found, though this may be partly due
to the large uncertainties in N/O.
In Fig. 8, we attempt to discern cases where
oxygen might have been produced by the stellar
progenitors by plotting N/Ne versus Ne/O. Plan-
etary nebulae whose progenitors produced oxygen
should appear to the left in this diagram. Their
vertical position will depend upon whether nitro-
gen production also took place. We normalize rel-
ative to neon since neon is not expected to be mod-
ified by the stellar progenitors of most planetary
nebulae (Karakas & Lattanzio 2003). Only PN6
and perhaps PN4 in NGC 205 appear to be possi-
ble examples of planetary nebulae whose progeni-
tors produced oxygen. From Fig. 5, it would ap-
pear that PN56 and FJCHP57 in M31’s bulge and
disk, respectively, might also have produced oxy-
gen. Unfortunately, neither nitrogen abundances
nor uncertainties for the oxygen and neon abun-
dances are available for these two objects.
5. Nucleosynthesis in the Progenitors of
Bright Planetary Nebulae
5.1. Oxygen and Neon
On cosmic scales, the production of oxygen and
neon is dominated by core collapse supernovae
(Clayton 2003; Herwig 2004). Nonetheless, mod-
els of the progenitors of planetary nebulae pre-
dict that such stars potentially produce both. At
very low metallicities, e.g., below one hundredth
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of the solar metallicity, the progenitors of plane-
tary nebulae are capable of synthesizing the most
abundant isotope of neon, 20Ne (Herwig 2004;
Karakas & Lattanzio 2007). At all metallicities,
stars with masses in the range ∼ 2−4M⊙ produce
22Ne in quantities that can significantly change the
observed total neon abundance in planetary neb-
ulae, e.g., change the total abundance by at least
+0.1dex. Finally, depending upon the physics
adopted to model semiconvection and convective
overshoot in AGB stars, stars with masses of
∼ 2− 3M⊙ and metallicities comparable to those
in the Magellanic Clouds may dredge up signifi-
cant quantities of 16O (our qualitative interpola-
tion of Herwig 2000, 2004). Note that these mod-
els achieve significant oxygen dredge-up because of
the semi-convection attributed to the pulse-driven
convective zone that arises with each helium shell
flash and mixes out carbon and oxygen from the
outer part of the helium-free core (Herwig 2000).
If this convective overshooting is efficient, oxygen
is expected to be dredged up along with carbon
during the third dredge-up; otherwise no oxygen is
dredged up (Marigo 2001; Karakas & Lattanzio
2007). Note that all of these models indicate that
oxygen destruction should occur for the progeni-
tors of planetary nebulae with the highest masses.
Below 2M⊙, current models predict that changes
in oxygen and neon abundances should be slight.
Nonetheless, as Karakas & Lattanzio (2003)
concluded, the progenitors of planetary nebulae
are unlikely to mimic the Ne-O relation found
in star-forming galaxies. Any oxygen produc-
tion in low- or intermediate-mass stars would pro-
ceed through the same channel as in high-mass
stars, the endpoint of helium burning, via the
12C(α, γ)16O reaction. In high-mass stars, neon
is a product of carbon burning (Clayton 2003).
In low- or intermediate-mass stars, any 22Ne pro-
duced occurs during He-shell burning of CNO-
processed material (two alpha captures on 14N,
e.g., Herwig 2004) while (at very low metallicities)
any 20Ne arises primarily from α particle captures
on 16O, 16O(α, γ)20Ne (e.g., Herwig 2004). Thus,
while oxygen production will result in the dom-
inant isotope in low- or intermediate-mass stars,
most of the neon production would yield a mi-
nority isotope. It would therefore be highly co-
incidental if oxygen and neon production in low-
or intermediate-mass stars produced an oxygen-
to-neon ratio identical to that resulting from the
nucleosynthesis of high-mass stars.
Figures 5 and 8 argue that oxygen and neon
abundances are coupled in the majority of bright
planetary nebulae. Since bright planetary neb-
ulae follow the same Ne-O relation as emission
line galaxies, where the nucleosynthetic yields of
type II supernovae fix the Ne-O relation, the pro-
genitors of bright planetary nebulae either mod-
ify both abundances to the same extent or they
do not modify either abundance. As we have
just argued, the available evidence indicates that
the former is highly unlikely. In accord with
Karakas & Lattanzio (2003), we conclude that
the progenitors of bright planetary nebulae typ-
ically do not modify either their oxygen or neon
abundances.
Although significant oxygen production is un-
common, both Figs. 5 and 8 indicate that, occa-
sionally, oxygen is produced during the evolution
of the stellar progenitors in galaxies where star
formation ceased long ago. This conclusion was
also reached by Richer & McCall (2007) for the
progenitors of bright planetary nebulae in dwarf
irregulars, and we extend it here with the exam-
ple of FJCHP57 in the disk of M31. In general,
however, these objects are the exception, not the
rule. Note that all these objects are characterized
by unusual Ne/O ratios.
Based upon luminosity considerations, Ciardullo et al.
(2005) have argued that bright planetary nebulae
should descend from stars of about 2M⊙. (See
Richer et al. (1997) for a counter-example.) If
bright planetary nebulae do indeed descend from
progenitors of about 2M⊙, many of the bright
planetary nebulae in M32, NGC 185, NGC 205,
Fornax, Sagittarius, and the bulge of M31 might
be expected to be enriched in oxygen, since many
of them have oxygen abundances intermediate be-
tween those of the SMC and LMC. These objects,
however, have neon and oxygen abundances in
accord with the ratio observed in star-forming
galaxies, a result that suggests that their oxygen
content has not been modified. Therefore, either
these bright planetary nebulae descend from pro-
genitors of less massive stars, and hence are less
susceptible to oxygen enrichment, or convective
overshooting is not as efficient as some models
suggest.
Pe´quignot et al. (2000) have argued in favor of
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oxygen production in He 2-436 in Sagittarius, with
its progenitor having increased its oxygen content
by 7 ± 4%. Such a small increase would not be
detectable here, in general, so we cannot rule out
production at this level from our abundance mea-
surements. Interestingly, Dudziak et al. (2000)
suggest an initial mass of ∼ 1.2M⊙ for the pro-
genitor of He 2-436. If this is typical, oxygen
production is expected to be slight, regardless of
the assumptions concerning convective overshoot-
ing (Marigo 2001; Karakas & Lattanzio 2007).
While our individual oxygen and neon abun-
dances are not sufficiently precise to detect small
changes in oxygen abundances, the large sample at
our disposal should allow us to detect small sys-
tematic differences with respect to the neon and
oxygen abundances in emission-line galaxies. The
slope of our Ne-O relation differs slightly from that
found by Izotov et al. (2006) (Fig. 5). Our slope
is consistent with unity, as has been found for
bright planetary nebulae in dwarf irregular galax-
ies (Richer & McCall 2007). Izotov et al. (2006)
found a slope for the Ne-O relation in star-forming
galaxies that is significantly greater than unity.
This difference is small, but formally significant,
and may be interpreted in a variety of ways.
If neither oxygen nor neon are affected by the
evolution of the stellar progenitors and if neither
oxygen nor neon production in supernovae changes
with metallicity, a slope of unity is expected for
the Ne-O relation. Izotov et al. (2006) attributed
their larger slope to the depletion of oxygen onto
dust grains in H II regions at higher oxygen abun-
dances. However, a slope different from unity
might also arise from changes in the reddening
law associated with the dust in H II regions or
a dependence upon metallicity of the relative pro-
duction of oxygen and neon in type II supernovae.
If the slope found by Izotov et al. (2006) is due to
either dust depletion or changes in the reddening
law, the slightly shallower slopes found for bright
planetary nebulae imply that there is no system-
atic oxygen production in their progenitors, even
in small quantities. If, instead, the slope found
by Izotov et al. (2006) reflects the true, chang-
ing, production of oxygen and neon by massive
stars, the difference between emission-line galax-
ies and planetary nebulae points to a low level of
self-enrichment in the progenitors of bright plan-
etary nebulae proportional to the original oxygen
abundance, of the order of a few percent.
5.2. Helium
Helium abundances span a significant range,
even at a given oxygen abundance within a single
galaxy (Fig. 7). However, the locus observed for
H II regions in star-forming dwarfs (Olive et al.
1997) is a very reasonable fit to the lower bound-
ary of the distribution. Thus it is reasonable to
presume that, at a given oxygen abundance, the
minimum helium abundance was the initial helium
abundance for the progenitors of these planetary
nebulae and that the spread in helium abundances
is the result of varying enrichments due to the evo-
lution of the progenitors.
We define helium enrichment as the increase
in helium abundance observed relative to the
helium abundance expected at the same oxy-
gen abundance for dwarf star-forming galaxies
(Olive et al. 1997), i.e., fractional enrichment =
((He/H)PN,obs−(He/H)ISM )/(He/H)ISM . In Fig.
9, we plot histograms of the helium enrichment.
We separate bright planetary nebulae into three
samples, those in dwarf irregulars, those in dwarf
spheroidals and M32, and those in the bulge of
M31. The planetary nebulae in the first two sam-
ples have oxygen abundances that overlap the
range studied by Olive et al. (1997) in the H II
regions in star-forming dwarfs.
Clearly, the planetary nebulae in all samples
are enriched by less than 50% on average, if the
relation between oxygen and helium abundances
found by Olive et al. (1997) holds. There is a ten-
dency to observe larger helium enrichments in the
planetary nebulae in galaxies where star formation
ceased long ago, but a Kolmogorov-Smirnov test
indicates that the difference between the samples
in dwarf irregulars and in M32/dwarf spheroidals
is not significant at even the 10% level. Consid-
ering theoretically-expected yields (e.g., Marigo
2001), the often low helium enrichments presum-
ably imply that the progenitors of bright planetary
nebulae are of rather low mass, probably below
1.5M⊙, especially in those systems whose metal-
licities are below that of the LMC. The bright
planetary nebulae in the bulge of M31 appear
to imply more enrichment at higher metallicities,
but, at these metallicities, the Olive et al. (1997)
relation must be extrapolated to compute the en-
richment factor (see Fig. 7), so this result is un-
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certain.
5.3. Nitrogen
The interpretation of nitrogen is complicated.
The history of star formation plays an impor-
tant role, because nitrogen is produced by both
type II supernovae and low- and intermediate-
mass stars such as novae and AGB stars, as seen
in studies of the ISM in star-forming galaxies (e.g.,
van Zee et al. 1998). Because of these two nitro-
gen sources, N/O can vary with time in a com-
plicated way in a galaxy’s ISM. For instance, for
a constant rate of star formation, the N/O ratio
in a galaxy’s ISM will initially be fixed at a low
value as a result of type II supernovae. As low-
and intermediate-mass stars begin to contribute,
the N/O ratio will rise, eventually attaining some
equilibrium value. For a more complicated star
formation rate, the N/O ratio need not vary mono-
tonically with time. Furthermore, the N/O ratio
in the ISM is merely the initial value of this ra-
tio in the stellar progenitor of a planetary nebula.
If this progenitor star synthesizes nitrogen, the re-
sulting N/O ratio will be even higher. In principle,
the N/O ratio is expected to be a function of the
mass of the stellar progenitor (e.g., Marigo 2001),
so, for a constant star formation rate, one expects
a trend of increasing N/O with increasing oxygen
abundance in each galaxy.
No such simple result is found. In M32, plane-
tary nebulae spanning a wide range of N/O are
found at all oxygen abundances. In the bulge
of M31, there are planetary nebulae with simi-
lar N/O ratios whose oxygen abundances differ
by an order of magnitude. Clearly, then, the
N/O ratio is not a monotonic function of the pro-
genitor mass, nor is it solely the result of the
chemical evolution of the host galaxy. The scat-
ter of N/O as a function of oxygen abundance
is not entirely unexpected (see Fig. 6), as it
is seen in bright planetary nebulae in dwarf ir-
regular galaxies (Richer & McCall 2007). Like-
wise, planetary nebulae in the bulge of the Milky
Way span a large range in N/O (Cuisinier et al.
2000; Escudero & Costa 2001; Exter et al. 2004;
Go´rny et al. 2004; Escudero et al. 2004).
In galaxies without star formation, the mini-
mum N/O ratio is similar to the minimum value
found in star-forming galaxies up to an oxygen
abundance of 12 + log(O/H) ∼ 8.5 dex (data are
limited at higher O/H). A simple interpretation
of this result is that the progenitors of their plan-
etary nebulae may have had a similar initial N/O
ratio, i.e., the value in the ISM was dominated by
the nitrogen production of type II supernovae. If
so, the factor by which the progenitor of any plan-
etary nebulae enriched its nitrogen content may be
found by comparing the observed N/O ratio with
the limiting value in emission line galaxies. This
is the maximum enrichment factor, since the pro-
genitor’s initial N/O ratio is unknown and could
have been higher. Adopting this definition, the
progenitors of the planetary nebulae in galaxies
without star formation appear to have undergone
nitrogen enrichment that varied by more than an
order of magnitude. Although the amount of ni-
trogen enrichment appears to vary randomly, it
could conceivably be related to some secondary
characteristic of the progenitor stars, such as ro-
tation or binarity.
Since oxygen consumption is not evident in ei-
ther Figs. 5 or 8, nitrogen production presum-
ably occurs exclusively at the expense of carbon
for the bright planetary nebulae in galaxies with-
out ongoing star formation. If the largest nitro-
gen enrichments occur in progenitors with initial
N/O ratios similar to the limiting value in emis-
sion line galaxies, the enrichment may be up to
a factor of 100. If so, reprocessing of endogenous
carbon within the progenitors would be necessary,
e.g., via hot bottom burning or some similar pro-
cess, since the carbon abundance in the interstel-
lar medium is less than 10 times that of nitrogen
(Garnett 2002). Such reprocessing of carbon is
not predicted in the mass range expected for the
progenitors of bright planetary nebulae in systems
where star formation stopped long ago.
For 12 + log(O/H) > 8.3 dex in Fig. 6, the
planetary nebulae from galaxies without star for-
mation apparently dominate the lowest values of
N/O. If the effect is real, it may result from differ-
ences in the chemical evolution of their host galax-
ies rather than of differences in their stellar pro-
genitors. The higher N/O ratio in planetary neb-
ulae in galaxies with ongoing star formation does
not necessarily indicate systematically greater en-
richment in these planetary nebulae, since many
of these planetary nebulae have N/O ratios com-
patible with those in the interstellar medium of
their host galaxies, i.e., compatible with no en-
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richment (Richer & McCall 2007). Therefore, the
stellar progenitors in star-forming galaxies need
not have produced more nitrogen, but simply may
have been born with a higher initial nitrogen con-
tent.
5.4. More Generally
A limitation of this entire discussion is our ig-
norance of the mass range of the progenitors of
bright planetary nebulae. In principle, models
of nebular luminosities and the expected evolu-
tion of the nebular envelopes provide some re-
strictions, but these are so contradictory as to not
be helpful (e.g., Richer et al. 1997; Marigo et al.
2004; Ciardullo et al. 2005; Scho¨nberner et al.
2007). Ideally, the chemical abundances observed
in bright planetary nebulae would allow us to con-
strain the masses of their stellar progenitors.
In galaxies without star formation, planetary
nebulae derived from the highest mass progenitors,
Mi > 3M⊙, should be absent. In this case, theory
predicts little enrichment in nitrogen (observations
of red giants imply enrichment by a factor of up to
∼ 4, e.g., Gratton et al. 2000), and up to a dou-
bling of the helium content. Large enhancements
in the oxygen abundance (or none at all) could
be common, depending upon the exact masses
of the progenitor stars and what physics actually
occurs (e.g., Marigo 2001; Karakas & Lattanzio
2007). Likely, changes in neon abundances would
be small.
Observations agree with the predictions for
helium abundances, though the enhancement is
usually less than 50% (Fig. 7). Comparison
of oxygen and neon abundances, however, im-
ply that only rarely is oxygen synthesized in
quantities exceeding a few percent of the initial
abundance. Considering the helium, oxygen, and
neon abundances, the bright planetary nebulae
in galaxies without star formation are generally
consistent with their progenitors having initial
masses of about 1.5M⊙ or less, given current
theoretical models (e.g., Marigo 2001; Herwig
2005; Karakas & Lattanzio 2007). The main ar-
gument against their progenitors having initial
masses near 2M⊙ is the rarity of planetary nebu-
lae whose progenitors produced significant quan-
tities of oxygen, unless convective overshoot is
inefficient (Marigo 2001; Karakas & Lattanzio
2007). Likewise, the rarity of unusual Ne/O ratios
implies masses below 2M⊙.
The nitrogen abundances in bright planetary
nebulae do not agree with the theoretical predic-
tions. Planetary nebulae in galaxies without star
formation span a wide range of nitrogen enrich-
ment, from none at all to enrichment exceeding
that in red giants by an order of magnitude. The
largest nitrogen abundances agree with theoretical
expectations only if the progenitors of these plane-
tary nebulae had masses exceeding 3M⊙ (Marigo
2001; Herwig 2005), a possibility excluded by the
history of star formation in these galaxies. Even if
such masses were allowed, there would remain the
problem of very large and very small enrichment at
a given progenitor mass (oxygen abundance), e.g.,
M32 in Fig. 6, since such randomness is not pre-
dicted at any mass. Also, if such high masses were
invoked to explain the nitrogen abundances, much
higher helium abundances should be observed, and
they are not.
Fig 8 further emphasizes the difficulty with ni-
trogen production. All of the objects where oxy-
gen has apparently been dredged up are highly en-
riched in nitrogen. No models predict significant
enrichment in both oxygen and nitrogen simulta-
neously.
If low mass stars really produce as much ni-
trogen as these observations suggest, these stars
may be a much more important source of this el-
ement than has been previously considered. Ni-
trogen abundances hinge upon the N+/O+ ionic
ratio. Both ions are minority species in bright
planetary nebulae, so the ICF needed to derive the
nitrogen abundance is large (see Tables 7-9) and
the resulting abundances uncertain. If the neb-
ulae are matter-bounded, the problem would be
even more severe. However, the uncertainties for
our N/O ratios are driven by uncertainties in line
intensities. Typically, the [O II] and [N II] lines
are weak and so uncertain, as is also the case for
[O III]λ4363, which is needed to compute the tem-
peratures. Remedying this situation would require
deeper spectroscopy. The effort is worthwhile,
however, since the low mass progenitors of plane-
tary nebulae represent a substantial fraction of all
stellar mass, e.g., the 1 − 1.5M⊙ mass range rep-
resents about 16% of the total mass above 1M⊙
for a Salpeter (1955) initial mass function and an
upper mass limit of 100M⊙.
Although the foregoing discussion focussed pri-
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marily upon the bright planetary nebulae in galax-
ies where star formation ceased long ago, the
bright planetary nebulae in galaxies with ongo-
ing star formation have very similar properties.
They too have modest enrichment in helium, neg-
ligible enrichment in oxygen, and a wide range of
nitrogen enrichments. Therefore, the progenitors
of bright planetary nebulae in galaxies with on-
going star formation must also have low masses if
current theory is to be trusted.
Thus, chemical abundances argue that the
masses of the stellar progenitors of the brightest
planetary nebulae are relatively low in all galax-
ies. This is not necessarily incompatible with the
high [O III]λ5007 luminosities that they achieve,
as argued by Richer et al. (1997). In their (some-
what extreme) example of a 0.55M⊙ central star,
13% of the ionizing radiation need be converted
to [O III]λ5007 photons, which is similar to the
maximum efficiency of 10% expected theoretically
(Dopita et al. 1992; Marigo et al. 2004). The
unknown, as Marigo et al. (2004) make clear, is
the lack of quantitative knowledge of the evolu-
tion, particularly the time scales, of the plane-
tary nebula system. So, while we may not yet
understand why the brightest planetary nebulae
descend from these particular progenitor stars,
the similarity of these stars from galaxy to galaxy
is likely one of the underpinnings of the success
of the planetary nebula luminosity function as a
distance indicator.
The progenitors of bright extragalactic plane-
tary nebulae span a wide range of chemical com-
positions, reflecting those of the progenitor stel-
lar populations in their host galaxies. That they
enrich the resulting planetary nebulae similarly
implies that they underwent similar physical pro-
cesses during their evolution. Presumably, then,
the mass range of these progenitor stars is slightly
different from galaxy to galaxy, reflecting the dif-
ferent metallicities of their stellar populations. If
so, the epoch of star formation that dominates
the production of bright planetary nebulae should
vary somewhat from galaxy to galaxy.
Based upon the foregoing, however, it would
be a mistake to argue that the masses (or the
mass range) of the progenitors of bright planetary
nebulae in all galaxies are exactly the same. As
shown by Stasin´ska et al. (1998), the distribution
of He IIλ4686/Hβ intensity ratios is dramatically
different for bright planetary nebulae in the LMC
and the bulge of M31. This conclusion appears
to hold generally between environments with and
without star formation (Richer 2006), implying
that the distribution of central star temperatures
differs between the two environments. Normally,
this is interpreted in terms of the central star
mass, but might also result from differences in en-
velope masses (Stanghellini & Renzini 2000), or
both. As argued by both Stasin´ska et al. (1998)
and Richer (2006), it is likely that the ionization
structure of the nebulae is also different in envi-
ronments with and without star formation. Dif-
ferences in central star masses or in envelope evo-
lution could easily arise from a difference in the
mass range of the progenitor stars in different en-
vironments.
It would not be unusual if there were surprises
lurking regarding the nucleosynthesis in the pro-
genitors of fainter planetary nebulae, especially
in galaxies with ongoing star formation. The-
ory clearly predicts that the planetary nebulae
descending from the progenitors of the highest
masses should be depleted in oxygen because of
hot bottom burning at the base of their convec-
tive envelopes (Marigo 2001). Some theoreti-
cal work predicts that oxygen production should
be common for planetary nebula progenitors with
masses of order 2-3M⊙ at metallicities comparable
to or lower than the SMC’s (Marigo 2001; Herwig
2004). Dwarf irregular galaxies should, therefore,
be the typical galactic hosts of planetary nebulae
with unusual oxygen abundances. Observation-
ally, however, individual examples are not that
common among the brightest planetary nebulae
(Richer & McCall 2007), so presumably they are
to be found among those of lower [O III]λ5007 lu-
minosity. The exact luminosities and abundances
where oxygen enrichment is common have yet to
be identified.
6. Conclusions
We have obtained spectroscopy of a sample of
bright planetary nebulae in M32, NGC 185, and
NGC 205. From these and similar data for plan-
etary nebulae in other Local Group galaxies, we
calculate their chemical composition. These plan-
etary nebulae are generally within 2mag of the
peak of the luminosity function.
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We find that helium abundances in bright
planetary nebulae are typically changed by less
than 50% compared to the initial abundances in
their progenitors. Oxygen and neon abundances
in bright planetary nebulae are not significantly
modified, since they follow the relation between
neon and oxygen abundances found in the inter-
stellar medium in star-forming galaxies. There is
the possibility of a slight systematic increase in
the oxygen abundance by a few percent, but this
conclusion depends upon how one interprets the
slight variation of the ratio of neon to oxygen as
a function of oxygen abundance in star-forming
galaxies. In contrast, we often find very strong ni-
trogen enhancements in bright planetary nebulae,
though very small enhancements are also found.
These nitrogen enhancements are not obviously
related to the progenitor mass or to the chemi-
cal evolution of the host galaxy. At present, they
appear to be random. In reality, they are likely
to be linked to some secondary characteristic of
the stellar progenitors, such as rotation or bina-
rity. These conclusions apply independently of
whether we consider planetary nebulae in galaxies
with or without ongoing star formation.
Considering the helium, oxygen, and neon
abundances, bright extragalactic planetary neb-
ulae in all galaxies appear to descend from rel-
atively low mass progenitors, of approximately
1.5M⊙ or less, based upon the calibrations of cur-
rent theoretical models. If their progenitors were
significantly more massive, of order 2M⊙ as has
been argued on the basis of luminosity consider-
ations, significant enrichment in oxygen could be
relatively common. A few examples of planetary
nebulae with oxygen enrichment are found, but
are rare.
The large nitrogen abundances often found sug-
gest more massive stellar progenitors, i.e., exceed-
ing 3M⊙ (so as to allow the production of nitro-
gen via hot bottom burning). Such masses are
clearly excluded by the history of star formation
in galaxies where star formation stopped long ago,
and in any case don’t explain the observation of
both large and small nitrogen enhancements at a
given oxygen abundance. Also, we find no exam-
ple of a bright extragalactic planetary nebula with
very large abundances of both helium and nitro-
gen, which should be a clear signature of a high
mass stellar progenitor. This is the case even for
galaxies where star formation is ongoing. Thus,
low- and intermediate-mass stars are a more im-
portant source of nitrogen than has been hitherto
considered. Despite their difficulty, deeper obser-
vations would be very worthwhile to derive more
secure abundances.
Overall, the progenitors of all bright extragalac-
tic planetary nebulae appear to have evolved sim-
ilarly. They were of sufficiently low mass that
helium enrichment was modest and oxygen en-
richment was minimal, if indeed it even gener-
ally takes place. Nevertheless, despite this appar-
ently low mass, these stars produced much greater
quantities of nitrogen than are predicted by cur-
rent models. Presumably, then, the mass range of
these stellar progenitors is similar in all galaxies,
but displaced somewhat due to metallicity. Con-
sequently, there may be more unity to the proper-
ties of bright extragalactic planetary nebulae than
has been apparent previously. If this is the case,
bright planetary nebulae also presumably probe a
particular epoch during the evolution of their host
galaxies.
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Table 1
Spectroscopy observing log
Date (UT) Galaxy Exposures
17 Aug 1998 NGC 205 5 × 1800s
18 Aug 1998 NGC 185 5 × 1800s
NGC 205 3 × 1800s
19 Aug 1998 M32 7 × 1800s
NGC 185 2 × 1800s
Table 2
Observed Line Intensitiesa for PNe in NGC 185
Wavelength Ion A1(λ)
b PN3 PN5 PN1 PN2 PN4
3727 [O II] 4.52 22 ± 13 < 19 9.7± 2.4 32.9± 7.1 < 65
3868.76 [Ne III] 4.39 84 ± 12 36± 8 71.0± 2.6 30.6± 3.1 57± 16
3889.049 H I 4.37 17.0± 6.7 12.7± 2.1 13.6± 2.6
3967.47 [Ne III] 4.30 46 ± 11 16.8± 7.4 27.1± 2.7 6.8± 3.1
3970.072 H I 4.29 18.0± 7.5 11.0± 2.6 11.9± 3.2
4101.765 H I 4.18 21.3± 5.0 18.7± 1.4 17.6± 2.1 21± 9
4340.495 H I 3.97 38.7± 4.8 42.0± 4.8 41.7± 1.1 41.7± 1.6 41.4± 6.8
4363.21 [O III] 3.95 26.6± 4.4 18.9± 4.1 24.5± 1.0 3.3± 1.1 20.9± 5.6
4471.477 He I 3.86 5.36± 0.89 6.1± 1.2
4685.75 He II 3.66 43.0± 4.6 13.3± 3.7 8.94± 0.79 < 2 < 11
4861.332 H I 3.49 100.0 ± 3.8 100.0± 4.2 100.00± 0.85 100.0 ± 1.3 100.0± 7.4
4958.92 [O III] 3.39 582± 17 296.3± 9.9 368.9± 2.7 231.3 ± 2.6 397± 22
5006.85 [O III] 3.34 1776 ± 50 902 ± 27 1112.1± 6.8 701.5 ± 6.5 1173 ± 63
5875.666 He I 2.65 14.1± 2.5 17.7± 3.5 22.37± 0.81 18.07± 1.14 17.9± 4.7
6300.32 [O I] 2.40 54.0± 5.0 9.25± 0.77 10.0± 1.2
6312.06 [S III] 2.39 2.72± 0.63 2.71 ± 0.98
6363.81 [O I] 2.36 18.7± 4.1 2.35± 0.63 4.44 ± 1.07
6548.06 [N II] 2.26 76.7± 4.8 12.8± 3.7 10.8± 1.6 14.6± 1.6
6562.817 H I 2.26 496± 15 353 ± 12 387.1± 3.1 351.7 ± 3.7 348± 20
6583.39 [N II] 2.25 224.2 ± 7.8 23.6± 4.0 31.9± 1.7 44.8± 1.7 < 8
6678.149 He I 2.20 5.0± 2.9 < 6 5.00± 0.66 6.38 ± 1.24
6716.42 [S II] 2.18 5.5± 2.8 < 6 2.10± 0.56 3.50 ± 1.10 < 8
6730.78 [S II] 2.17 19.8± 3.8 < 6 2.97± 0.61 6.4± 1.3 < 8
7065.188 He I 2.01 17.34± 0.90 12.37± 1.21
7135.8 [Ar III] 1.98 35.3± 4.1 11.00± 0.83 13.72± 1.23
7319.92 [O II] 1.90 7.89± 1.22
7330.19 [O II] 1.90 4.08± 1.02
E(B − V )Hα (mag) 0.51 ± 0.03 0.21± 0.04 0.30± 0.01 0.18 ± 0.02 0.20± 0.06
E(B − V )Hγ (mag) 0.45 ± 0.28 0.27± 0.26 0.29± 0.06 0.26 ± 0.09 0.30± 0.38
aThe scale is such that F (Hβ) = 100. If no uncertainty is quoted, the value is a 2σ upper limit to the line
intensity.
bA1(λ) is the extinction for a reddening E(B − V ) = 1mag, derived from the Fitzpatrick (1999) reddening law
parametrized with a ratio of total-to-selective extinction of 3.041.
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Table 3
Observed Line Intensitiesa for PNe in NGC 205
Wavelength Ion A1(λ)
b PN2 PN3 PN26 PN10 PN1 PN9 PN8 PN7
3727 [O II] 4.52 103 ± 38 17.9± 8.3 < 30 43± 14 < 82 < 38 < 17
3868.76 [Ne III] 4.39 < 50 < 30 23.4 ± 6.7 59± 19 26.0± 5.0
3889.049 H I 4.37 5.9± 3.9
3967.47 [Ne III] 4.30 < 50 15.2± 5.4
3970.072 H I 4.29 18.0± 4.3 22.4 ± 5.8 16.9± 5.4
4101.765 H I 4.18 15.5± 2.8 25.6± 9.9 20.5 ± 5.2 13.5± 2.8
4340.495 H I 3.97 34± 12 32.9± 3.3 37.4± 6.8 32± 10 35.4 ± 3.3 36± 10 37.3± 7.1 37.0± 2.6
4363.21 [O III] 3.95 < 23 4.6± 2.4 < 11 < 18 4.7± 2.2 < 14 24.2± 5.8 8.5± 2.0
4471.477 He I 3.86 5.2± 2.4 9.7± 2.6 3.5± 1.8
4685.75 He II 3.66 < 5 < 3 < 8 < 17 3.3± 1.8 < 12 7.5± 4.4 < 3
4861.332 H I 3.49 100.0± 8.2 100.0± 2.7 100.0 ± 6.9 100.0± 7.4 100.0± 3.1 100.0± 6.9 100.0 ± 6.9 100.0± 2.5
4958.92 [O III] 3.39 433 ± 28 161.0± 4.2 204± 12 387 ± 24 221.9± 5.9 360± 21 394± 22 335.5± 7.9
5006.85 [O III] 3.34 1354± 83 483.9± 9.8 661± 36 1217± 71 674 ± 15 1092 ± 58 1221 ± 67 1025± 19
5875.666 He I 2.65 32.9 ± 6.3 43.6± 5.2 25.1± 4.7 25.6± 7.3 31.2 ± 4.1 27.2± 6.0 25.6± 4.2 26.3± 1.9
6300.32 [O I] 2.40 23.6 ± 5.5
6548.06 [N II] 2.26 21.4± 5.0 22.4± 4.6 25.6± 7.2 32.3 ± 4.4 22.6± 7.3 11.9± 4.4 10.8± 3.3
6562.817 H I 2.26 459 ± 30 700± 15 548± 30 593 ± 36 578 ± 14 675± 36 533± 30 495.8± 9.9
6583.39 [N II] 2.25 8.4± 7.0 54.0± 5.4 54.3± 5.5 69.5± 8.7 59.9 ± 4.7 73.6± 8.8 17.8± 4.7 34.5± 3.5
6678.149 He I 2.20 14.7± 3.4 8.2± 3.2 17.7± 5.6 8.0± 1.6
6716.42 [S II] 2.18 < 14 < 6 < 5 < 9 < 7 < 10 < 6 2.6± 1.3
6730.78 [S II] 2.17 < 14 < 6 < 5 < 9 < 7 < 10 < 6 6.1± 1.4
7065.188 He I 2.01 21.6± 5.7 26.9± 6.5 36.8± 8.3 17.1± 1.9
7135.8 [Ar III] 1.98 28.7 ± 6.9 29.4± 6.1 31.0± 5.9 50.8± 9.0 25.0± 4.2 20.8± 2.0
7319.92 [O II] 1.90 16.3± 5.4 < 15 10.8± 2.5
7330.19 [O II] 1.90 12.2± 5.1 < 15 4.0± 1.8
E(B − V )Hα (mag) 0.45± 0.06 0.60 ± 0.05 0.67± 0.06 0.78± 0.05 0.58 ± 0.06 0.50± 0.02
E(B − V )Hγ (mag) 0.72± 0.82 0.81± 0.24 0.53 ± 0.41 0.89± 0.75 0.63± 0.22 0.64± 0.66 0.54 ± 0.44 0.54± 0.16
aThe scale is such that F (Hβ) = 100. If no uncertainty is quoted, the value is a 2σ upper limit to the line intensity.
bA1(λ) is the extinction for a reddening E(B − V ) = 1mag, derived from the Fitzpatrick (1999) reddening law parametrized with a ratio of total-to-
selective extinction of 3.041.
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Table 4
Observed Line Intensitiesa for PNe in NGC 205 (cont.)
Wavelength Ion A1(λ)
b PN6 PN5 PN4 PN24 PN19
3727 [O II] 4.52 20.9 ± 5.6 15.0± 6.6 130 ± 15 < 111
3868.76 [Ne III] 4.39 21.4± 6.8 50.2 ± 4.2 35.9± 7.2
3889.049 H I 4.37 7.1± 3.3 10.8± 5.6
3967.47 [Ne III] 4.30 22.1 ± 4.3 18.1± 6.9
3970.072 H I 4.29 24.8± 5.8 5.8± 4.0 11.5± 6.2
4101.765 H I 4.18 18.5± 3.7 17.5 ± 3.3 16.3± 3.4 31.8± 5.3
4340.495 H I 3.97 38.8± 3.4 38.8 ± 1.9 37.4± 3.1 48.8± 3.8 33.9± 7.5
4363.21 [O III] 3.95 20.5± 3.0 10.2 ± 1.6 20.2± 2.8 < 6 49.8± 8.6
4471.477 He I 3.86 3.4± 1.4 5.8± 2.4 7.8± 2.7
4685.75 He II 3.66 25.2± 2.4 5.8± 1.4 11.5± 1.8 < 3± 28.5± 7.8
4861.332 H I 3.49 100.0 ± 3.4 100.0± 1.4 100.0 ± 1.9 100.0± 3.0 100.0± 8.9
4958.92 [O III] 3.39 473± 13 455.7± 5.0 410.1 ± 6.4 88.6± 4.5 137± 11
5006.85 [O III] 3.34 1443 ± 36 1373.8± 14 1251 ± 17 264.4± 7.3 430± 28
5875.666 He I 2.65 14.6± 2.0 17.9 ± 1.1 24.2± 1.9 10.6± 1.8 < 13
6300.32 [O I] 2.40 15.5± 2.3 14.0 ± 1.4
6312.06 [S III] 2.39 5.3± 1.8 3.8± 1.1
6363.81 [O I] 2.36 6.8± 1.8 5.7± 1.2
6548.06 [N II] 2.26 28.0± 3.8 19.2 ± 3.8 17.7± 3.6 10.6± 5.1
6562.817 H I 2.26 450± 12 423.4± 6.3 422.7 ± 7.4 408± 26
6583.39 [N II] 2.25 95.4± 4.5 60.3 ± 3.9 51.8± 3.9 30.1± 6.0
6678.149 He I 2.20 10.1± 1.7 5.5± 1.1 6.10.9
6716.42 [S II] 2.18 12.7± 1.8 4.6± 1.0 < 3 < 12
6730.78 [S II] 2.17 14.1± 1.8 6.7± 1.1 < 3 < 12
7065.188 He I 2.01 9.1± 2.2 14.0 ± 2.0 16.4± 4.0
7135.8 [Ar III] 1.98 39.7± 2.8 23.2 ± 2.1 14.9± 4.0
7319.92 [O II] 1.90 12.6± 2.2 10.8 ± 1.9
7330.19 [O II] 1.90 6.5± 2.1 6.9± 1.8
E(B − V )Hα (mag) 0.42 ± 0.03 0.35± 0.02 0.37± 0.02 0.36± 0.06
E(B − V )Hγ (mag) 0.44 ± 0.20 0.43± 0.12 0.52± 0.19 0.00± 0.17 0.76± 0.50
aThe scale is such that F (Hβ) = 100. If no uncertainty is quoted, the value is a 2σ upper limit to the line
intensity.
bA1(λ) is the extinction for a reddening E(B − V ) = 1mag, derived from the Fitzpatrick (1999) reddening
law parametrized with a ratio of total-to-selective extinction of 3.041.
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Table 5
Observed Line Intensitiesa for PNe in M32
Wavelength Ion A1(λ)
b PN3 PN5 PN1 PN4, M31 PN17, M31 M3273, M31
3727 [O II] 4.52 22.8± 7.9 22.6± 5.3 38.9± 8.1 44± 13 < 91
3868.76 [Ne III] 4.39 103.8± 7.7 87.1± 5.4 68.4± 5.9 77.9± 9.7 43.3± 6.5 72 ± 22
3889.049 H I 4.37 14.4± 4.1 15.3± 4.6 15.8± 7.3 18.5± 5.3
3967.47 [Ne III] 4.30 29.2± 7.1 27.5± 5.5 10.7± 6.1 19± 10 14.3± 6.7
3970.072 H I 4.29 12.6± 6.7 15.3± 5.2 21.7± 6.4 26± 11 12.3± 6.6
4101.765 H I 4.18 26.4± 5.2 17.1± 3.0 26.2± 4.0 20.2± 4.6 10.8± 3.6
4340.495 H I 3.97 45.1± 4.5 40.7± 2.9 42.1± 3.5 46.4± 3.5 34.2± 4.2 37.2± 8.8
4363.21 [O III] 3.95 14.9± 3.6 6.0± 2.1 < 5 16.5± 2.9 < 7 15.6± 7.0
4471.477 He I 3.86 7.1± 3.2 4.4± 2.1 4.2± 2.4 4.1± 2.4 4.7± 3.0
4685.75 He II 3.66 < 7 7.6± 2.0 4.9± 1.8 46.7± 3.6 < 4 87 ± 12
4711.34 [Ar IV] 3.63 7.1± 2.7
4740.2 [Ar IV] 3.60 6.9± 2.7
4861.332 H I 3.49 100.0± 4.0 100.0± 2.8 100.0 ± 2.5 100.0± 2.5 100.0± 3.4 100.0± 9.5
4958.92 [O III] 3.39 418 ± 13 432.8± 9.5 317.4 ± 6.1 571 ± 11 281.2± 8.6 433± 30
5006.85 [O III] 3.34 1262± 36 1325 ± 26 967± 16 1738± 29 863± 20 1278 ± 80
5200 [N I] 3.19 5.2± 1.4
5754.57 [N II] 2.75 9.6± 2.5 7.7± 1.7
5875.666 He I 2.65 22.5± 3.1 21.1± 2.8 17.8± 2.0 19.0± 3.4 19.1± 2.1 < 15
6548.06 [N II] 2.26 102 ± 10 40.0± 5.3 90.4± 6.1 20.3± 4.3 27.5± 9.0
6562.817 H I 2.26 324 ± 14 345.1± 9.2 316.9 ± 8.6 295.3± 7.2 423± 16 282± 21
6583.39 [N II] 2.25 309 ± 14 122.7± 6.1 261.5 ± 7.9 49.6± 4.5 108± 11 40.3± 9.3
6678.149 He I 2.20 4.5± 1.4 4.0± 1.2
6716.42 [S II] 2.18 < 4 3.6± 1.3 12.8± 1.4 < 4 < 5 < 14
6730.78 [S II] 2.17 < 4 11.2± 1.7 19.6± 1.5 < 4 < 5 < 14
7065.188 He I 2.01 10.9± 2.5 6.4± 1.9 4.9± 1.2 5.3± 1.7 19.3± 3.0
7135.8 [Ar III] 1.98 27.2± 3.1 29.4± 2.5 17.1± 1.6 15.3± 2.1 40.2± 3.5 31.8± 8.8
7319.92 [O II] 1.90 27.6± 3.6
7330.19 [O II] 1.90 21.2± 3.5
E(B − V )Hα (mag) 0.13± 0.07 0.16± 0.05 0.09 ± 0.05 0.04± 0.04 0.36± 0.06 0.01± 0.15
E(B − V )Hγ (mag) 0.10± 0.31 0.31± 0.22 0.24 ± 0.24 0.03± 0.22 0.71± 0.35 0.53± 0.75
aThe scale is such that F (Hβ) = 100. If no uncertainty is quoted, the value is a 2σ upper limit to the line intensity.
bA1(λ) is the extinction for a reddening E(B − V ) = 1mag, derived from the Fitzpatrick (1999) reddening law parametrized
with a ratio of total-to-selective extinction of 3.041.
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Table 6
Observed Line Intensitiesa for PNe in M32 (cont)
Wavelength Ion A1(λ)
b PN30 PN8 PN11 PN29 PN2 PN22 PN7 PN21
3727 [O II] 4.52 53± 15 152 ± 25 < 84 < 85 46± 11 33 ± 14
3868.76 [Ne III] 4.39 81± 11 < 26 93 ± 13 92± 18 41.7 ± 4.7 123± 20
3889.049 H I 4.37 24± 13 26 ± 10 10.9 ± 3.7
3967.47 [Ne III] 4.30 38.3± 9.6 8.2± 2.5 22± 13 17 ± 13 35± 18 21.6 ± 5.0 60 ± 15
3970.072 H I 4.29 15 ± 13 17± 17 6.2± 4.5
4101.765 H I 4.18 25.7± 6.2 13.7± 3.0 23.0 ± 4.5 29.3± 5.5 28.4± 5.8 25.6± 8.1 21.0 ± 2.4
4340.495 H I 3.97 46.0± 4.6 43.9± 1.7 43.8 ± 4.5 32.7± 4.4 40.3± 3.1 49.0± 7.6 44.3 ± 1.8 62 ± 13
4363.21 [O III] 3.95 6.8± 3.2 10.9± 1.4 < 7.1 12.6± 3.7 10.1± 2.4 15.0± 6.3 3.8± 1.3 20 ± 10
4471.477 He I 3.86 10.6± 3.5 3.7± 1.2 6.6± 3.2 6.4± 1.4
4685.75 He II 3.66 < 6 4.3± 1.2 5.4± 3.1 13.4± 3.7 31.5± 3.2 < 19 < 3 26.1± 8.2
4711.34 [Ar IV] 3.63 3.6± 1.1 6.8± 2.5
4740.2 [Ar IV] 3.60 3.6± 1.1 7.6± 2.6
4861.332 H I 3.49 100.0 ± 4.3 100.0± 1.7 100.0± 3.8 100.0± 4.2 100.0 ± 3.2 100.0± 6.5 100.0± 1.7 100± 10
4958.92 [O III] 3.39 298± 10 392.7± 6.7 102.2± 4.3 399± 13 487± 14 469 ± 23 274.7± 4.9 535± 44
5006.85 [O III] 3.34 900± 27 1172± 15 305.0± 8.9 1218 ± 36 1462 ± 35 1307± 61 821 ± 10 1636± 129
5754.57 [N II] 2.75 3.1± 1.0
5875.666 He I 2.65 19.3± 3.3 16.0± 1.4 17.4 ± 2.6 13.1± 3.8 10.9± 2.5 13.7± 5.1 21.8 ± 1.8 23.2± 9.0
6300.32 [O I] 2.40 18.1± 1.9 10.7± 2.0
6363.81 [O I] 2.36 2.7± 1.3 4.8± 1.6
6548.06 [N II] 2.26 63.5± 5.8 75.4 ± 7.0 39.6± 6.0 4.4± 1.0 106± 19
6562.817 H I 2.26 299.4 ± 9.5 313.3± 7.8 335 ± 12 288± 11 320± 10 312 ± 17 329.7± 4.1 374± 36
6583.39 [N II] 2.25 10.1± 2.8 179.8± 6.7 205.6± 9.1 4.2± 5.1 110.5 ± 6.7 4.0± 6.5 13.1 ± 1.1 370± 35
6678.149 He I 2.20 3.6± 1.3 8.0± 2.1 < 6 5.0± 1.7 6 ± 1.2
6716.42 [S II] 2.18 < 4 15.4± 1.7 19.5 ± 2.4 < 6 11.0± 1.9 < 10 < 2 < 26
6730.78 [S II] 2.17 < 4 18.9± 1.7 24.5 ± 2.6 < 6 16.8± 2.0
7065.188 He I 2.01 7.0± 1.5 3.1± 2.1 6.6± 2.9
7135.8 [Ar III] 1.98 26.4± 1.9 12.5 ± 2.1 11.5± 2.6 31.7± 3.8 36.3± 9.7
7319.92 [O II] 1.90 < 5 14.0 ± 3.2 9.7± 3.0
7330.19 [O II] 1.90 < 5 5.4± 2.4 5.9± 2.8
E(B − V )Hα (mag) 0.09± 0.04 0.17± 0.06 0.02± 0.07 0.10± 0.06 0.09± 0.11 0.25± 0.18
E(B − V )Hγ (mag) 0.05± 0.32 0.15± 0.13 0.18± 0.31 0.81± 0.40 0.34± 0.24 0.00± 0.50 0.12± 0.13 0.00± 0.72
aThe scale is such that F (Hβ) = 100. If no uncertainty is quoted, the value is a 2σ upper limit to the line intensity.
bA1(λ) is the extinction for a reddening E(B − V ) = 1mag, derived from the Fitzpatrick (1999) reddening law parametrized with a ratio of total-to-
selective extinction of 3.041.
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Table 7
Chemical Abundances for PNe in NGC 185
Quantity Lines Used PN3 PN5 PN1 PN2 PN4
Te 4363/5007 15100
+1500
−1400
16400+2300
−2100
17200+500
−500
9300+900
−1000
15100+2600
−2300
Ne 6716/6731 2000 2000 2000 2000 2000
He+/H 5876 0.058+0.011
−0.011
0.089+0.020
−0.019
0.104+0.004
−0.004
0.108+0.006
−0.007
0.094+0.026
−0.025
He2+/H 4686 0.040+0.005
−0.005
0.012+0.004
−0.003
0.008+0.001
−0.001
0.002 0.010
106 N+/H 6584 9.6+2.1
+1.6
1.22+0.57
−0.38
1.4+1.3
−1.2
8.7+3.8
−2.1
0.50+0.26
−0.15
105 O+/H 3727 0.39+0.49
−0.28
0.21+0.12
−0.07
0.09+0.04
−0.03
2.7+3.2
−1.3
0.87+0.70
−0.35
105 O+/H 7325 0.55+0.18
−0.15
105 O2+/H 5007 17.0+5.5
−3.8
7.4+3.2
−2.0
8.05+0.57
−0.53
30+18
−9
11.8+7.3
−4.1
105 Ne2+/H 3869 3.4+1.9
−1.2
0.90+0.78
−0.42
1.68+0.21
−0.19
5.1+4.7
−2.1
1.8+2.2
−1.0
ICF(N) 63.51 39.95 87.97 12.48 15.50
ICF(O) 1.42 1.09 1.05 1.01 1.07
ICF(Ne) 1.45 1.12 1.06 1.10 1.15
He/H 0.098+0.012
−0.012
0.101+0.020
−0.019
0.112+0.004
−0.004
0.110+0.006
−0.007
0.103+0.026
−0.025
12 + log(N/H) 8.79+0.10
−0.07
7.69+0.20
−0.14
8.08+0.04
−0.04
8.03+0.19
−0.10
6.89+0.22
−0.13
12 + log(O/H) 8.39+0.14
−0.09
7.92+0.18
−0.11
7.93+0.03
−0.03
8.52+0.24
−0.12
8.13+0.25
−0.14
12 + log(Ne/H) 7.69+0.25
−0.16
7.00+0.38
−0.20
7.25+0.05
−0.05
7.75+0.40
−0.17
7.31+0.54
−0.24
log(N/O) 0.39+0.56
−0.32
−0.23+0.32
−0.19
0.15+0.16
−0.14
−0.48+0.56
−0.24
−1.24+0.41
−0.22
log(Ne/O) −0.70+0.28
−0.18
−0.91+0.42
−0.23
−0.68+0.06
−0.06
−0.77+0.47
−0.21
−0.82+0.60
−0.29
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Table 8
Chemical Abundances for PNe in NGC 205
Quantity Lines Used PN2 PN3 PN26 PN10 PN1 PN9 PN8
Te 4363/5007 < 15900 13300
+4100
−3500
< 16600 < 15600 11500+2600
−2400
< 15200 17700+3500
−2900
Ne 6716/6731 2000 2000 2000 2000 2000 2000 2000
He+/H 5876 0.140+0.022
−0.023
0.149+0.021
−0.022
0.093+0.015
−0.015
0.093+0.023
−0.024
0.128+0.007
−0.014
0.091+0.017
−0.018
0.095+0.017
−0.018
He2+/H 4686 < 0.005 < 0.003 < 0.008 < 0.016 0.003+0.002
−0.002
< 0.012 0.007+0.005
−0.004
106 N+/H 6584 0.36+0.31
−0.30
2.2+3.0
−1.1
1.75+0.21
−0.21
2.36+0.33
−0.34
4.1+4.6
−1.9
2.30+0.31
−0.31
0.53+0.34
−0.22
105 O+/H 3727 1.50+0.96
−0.72
0.64+3.2
−0.52
< 0.45 2.23+7.6
−1.6
< 1.9 < 0.47
105 O+/H 7325 0.97+0.47
−0.41
1.11+0.27
−0.22
105 O2+/H 5007 11.6+1.9
−1.8
6.3+10.0
−3.1
4.98+0.73
−0.67
10.6+1.7
−1.6
14+16
−6
10.0+1.4
−1.3
8.0+4.8
−2.8
105 Ne2+/H 3869 1.65+0.30
−0.28
1.01+0.16
−0.14
2.5+7.4
−1.8
3.0+1.5
−1.2
ICF(N) 8.95 10.87 12.79 7.24 6.90 19.07
ICF(O) < 1.02 < 1.01 < 1.05 < 1.11 1.02 < 1.09 1.05
ICF(Ne) 1.16 1.12 1.15 1.11 1.18 1.29
He/H 0.145+0.022
−0.023
0.152+0.021
−0.022
0.101+0.015
−0.015
0.109+0.023
−0.024
0.131+0.007
−0.014
0.103+0.017
−0.018
0.102+0.018
−0.018
12 + log(N/H) 6.50+0.37
−0.36
7.37+0.62
−0.22
7.35+0.05
−0.05
7.47+0.49
−0.20
7.20+0.06
−0.06
7.00+0.28
−0.18
12 + log(O/H) 8.13+0.07
−0.06
7.85+0.66
−0.20
7.76+0.06
−0.05
8.07+0.07
−0.06
8.21+0.49
−0.17
8.11+0.05
−0.05
7.95+0.25
−0.14
12 + log(Ne/H) 7.28+0.08
−0.07
7.06+0.07
−0.06
7.48+1.27
−0.30
7.58+0.22
−0.18
log(N/O) −1.62+0.47
−0.42
−0.48+2.27
−0.41
−0.41+0.05
−0.05
−0.74+1.55
−0.38
−0.91+0.06
−0.06
−0.95+0.28
−0.18
log(Ne/O) −0.85+0.11
−0.10
−0.69+0.09
−0.08
−0.73+1.37
−0.36
−0.53+0.23
−0.19
Quantity Lines Used PN7 PN6 PN5 PN4 PN24 PN19
Te 4363/5007 11900
+1100
−1100
14400+1300
−1200
11100+600
−700
15100+1200
−1100
< 16200 < 25000 a
Ne 6716/6731 2000 2000 2000 2000 2000 2000
He+/H 5876 0.118+0.010
−0.010
0.065+0.009
−0.009
0.092+0.006
−0.006
0.111+0.010
−0.010
0.063+0.002
−0.005
0.047+0.002
−0.002
He2+/H 4686 < 0.003 0.023+0.003
−0.003
0.005+0.001
−0.001
0.011+0.002
−0.002
< 0.003 0.027+0.008
−0.008
106 N+/H 6584 2.51+0.93
−0.62
5.0+1.0
−0.8
6.1+1.4
−1.0
2.63+0.60
−0.47
0.66+0.09
−0.10
105 O+/H 3727 < 6.8 0.94+0.62
−0.39
2.4+0.21
−0.13
1.17+0.66
−0.44
< 0.5
105 O+/H 7325 2.5+2.9
−1.3
1.5+1.1
−0.6
5.4+3.7
−2.2
105 O2+/H 5007 19.0+7.5
−4.6
15.8+4.4
−3.3
31.9+7.5
−5.3
12.3+2.9
−2.1
2.30+0.34
−0.34
1.47+0.08
−0.08
105 Ne2+/H 3869 2.2+1.7
−0.9
9.2+6.9
−4.4
4.8+1.9
−1.3
1.29+0.69
−0.46
ICF(N) 29.34 36.26 56.51 3.05 5.40
ICF(O) < 1.01 1.22 1.04 1.06 < 1.03 1.36
ICF(Ne) 1.05 1.22 1.07 1.08 1.56 1.81
He/H 0.121+0.010
−0.010
0.089+0.010
−0.010
0.097+0.006
−0.006
0.122+0.010
−0.010
0.066+0.002
−0.005
0.074+0.008
−0.008
12 + log(N/H) 7.87+0.16
−0.11
8.34+0.10
−0.07
8.17+0.10
−0.08
6.55+0.06
−0.06
12 + log(O/H) 8.30+0.17
−0.10
8.33+0.11
−0.08
8.53+0.10
−0.07
8.12+0.10
−0.07
7.55+0.09
−0.07
7.42+0.02
−0.02
12 + log(Ne/H) 7.37+0.33
−0.18
7.05+0.33
−0.21
7.71+0.17
−0.11
7.15+0.23
−0.16
log(N/O) −0.43+0.16
−0.11
−0.19+0.30
−0.20
0.05+0.39
−0.26
−0.87+0.06
−0.06
log(Ne/O) −0.93+0.37
−0.21
−1.24+0.35
−0.23
−0.82+0.20
−0.13
−0.98+0.25
−0.17
aThis limit is arbitrary since the line ratio implies an unphysical temperature.
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Table 9
Chemical Abundances for PNe in M32
Quantity Lines Used PN30 PN8 PN11 PN29 PN2 PN22 PN7 PN21
Te 4363/5007 12300
+2600
−2500
11400+600
−600
< 16900 11600+1400
−1500
10400+900
−900
12300+2300
−2300
9200+1000
−1100
12900+3400
−3200
Ne 6716/6731 2000 2000 2000 2000 2000 2000 2000 2000
He+/H 5876 < 0.100 0.100+0.011
−0.010
0.090+0.015
−0.015
0.086+0.031
−0.028
0.069+0.017
−0.018
0.084+0.042
−0.035
0.136+0.004
−0.007
0.123+0.070
−0.055
He2+/H 4686 0.073+0.022
−0.019
0.004+0.001
−0.001
0.005+0.003
−0.003
0.011+0.004
−0.004
0.026+0.004
−0.004
< 0.016 < 0.002 0.023+0.012
−0.010
106 N+/H 6584 4.8+5.9
−2.4
23.2+4.0
−3.3
10.6+0.9
−0.9
0.56+1.3
−0.65
17.6+6.2
−4.1
0.43+1.5
−0.62
2.8+1.2
−0.7
29+35
−13
105 O+/H 3727 < 2.0 1.41+0.46
−0.38
< 2.3 < 2.0 3.7+5.7
−2.1
0.763.2
−0.59
105 O+/H 7325 3.7+1.3
−0.9
1.13+0.44
−0.40
10+14
−6
105 O2+/H 5007 23+33
−11
26.4+5.6
−4.5
2.34+0.28
−0.26
26+16
−8
44+20
−12
23+27
−10
37+24
−12
25+46
−13
105 Ne2+/H 3869 3.6+9.4
−2.4
0.58 5.7+5.9
−2.6
5.0+9.7
−2.9
7.1+8.2
−3.4
6.5+19
−4.2
ICF(N) 18.00 8.32 2.75 13.21 6.62 13.99 11.20 37.50
ICF(O) < 1.44 1.02 1.04 1.08 1.24 < 1.12 < 1.01 1.12
ICF(Ne) 1.57 1.02 1.66 1.18 1.52 1.22 1.11 1.16
He/H 0.173+0.022
−0.019
0.103+0.011
−0.010
0.095+0.016
−0.015
0.097+0.032
−0.028
0.095+0.018
−0.018
0.100+0.042
−0.035
0.138+0.004
−0.007
0.146+0.071
−0.056
12 + log(N/H) 7.93+0.54
−0.22
8.29+0.07
−0.06
7.46+0.04
−0.04
6.87+0.90
−0.50
8.07+0.15
−0.10
6.78+1.51
−0.63
7.50+0.19
−0.11
9.04+0.52
−0.19
12 + log(O/H) 8.55+0.57
−0.19
8.49+0.08
−0.07
7.59+0.06
−0.05
8.48+0.25
−0.13
8.83+0.19
−0.11
8.45+0.47
−0.17
8.62+0.26
−0.13
8.45+0.79
−0.23
12 + log(Ne/H) 7.75+1.14
−0.29
6.98 7.83+0.45
−0.20
7.79+0.84
−0.25
7.90+0.50
−0.21
7.87+1.25
−0.28
log(N/O) −0.62+0.54
−0.22
−0.20+0.17
−0.13
−0.13+0.15
−0.12
−1.61+0.90
−0.50
−0.76+0.62
−0.28
−1.67+1.51
−0.63
−1.12+0.69
−0.27
0.59+1.91
−0.39
log(Ne/O) −0.80+1.30
−0.36
−0.61+0.05
−0.05
−0.65+0.52
−0.24
−0.67+0.98
−0.32
−0.72+0.57
−0.25
−0.58+1.49
−0.37
Quantity Lines Used PN3 PN5 PN1 PN4, M31 PN17, M31 M3273, M31
Te 4363/5007 12500
+1400
−1400
9200+1000
−1100
< 9400 11400+800
−800
< 11245 10500+2200
−2100
Ne 6716/6731 2000 2000 2000 2000 2000 2000
He+/H 5876 0.132+0.026
−0.023
0.128+0.019
−0.020
0.114+0.014
−0.013
0.123+0.027
−0.025
0.098+0.012
−0.012
0.127+0.002
−0.008
He2+/H 4686 < 0.006 0.006+0.002
−0.002
0.004+0.002
−0.002
0.039+0.005
−0.004
< 0.004 < 0.005
106 N+/H 6584 3.1+1.1
−0.7
25+13
−7
54.5+3.2
−2.5
6.8+2.1
−1.5
10.5+1.5
−1.5
1.6+1.5
−0.7
105 O+/H 3727 0.53+0.66
−0.31
1.9+2.6
−1.0
2.7+0.9
−0.7
1.4+1.1
−0.7
2.2+8.3
−1.6
105 O+/H 7325 14.1+3.1
−3.0
105 O2+/H 5007 21+11
−6
59+40
−20
40.4+3.2
−2.5
39+12
−8
19.4+2.0
−2.0
26+35
−12
105 Ne2+/H 3869 5.5+4.1
−2.1
15+15
−6
10.2+1.9
−1.6
5.3+2.9
−1.8
4.0+1.2
−1.0
7.5+21
−4.9
ICF(N) 42.24 33.52 16.13 36.02 2.43 13.11
ICF(O) < 1.03 1.03 1.02 1.20 < 1.03 < 1.03
ICF(Ne) 1.05 1.06 1.09 1.24 1.77 1.11
He/H 0.138+0.026
−0.023
0.134+0.019
−0.020
0.118+0.014
−0.014
0.162+0.027
−0.025
0.101+0.012
−0.012
0.133+0.002
−0.008
12 + log(N/H) 9.11+0.16
−0.10
8.92+0.22
−0.12
8.94+0.03
−0.02
8.39+0.13
−0.10
7.41+0.06
−0.06
7.34+0.39
−0.19
12 + log(O/H) 8.35+0.22
−0.13
8.80+0.28
−0.14
8.64+0.03
−0.03
8.69+0.13
−0.09
8.54+0.05
−0.05
8.46+0.55
−0.19
12 + log(Ne/H) 7.76+0.32
−0.17
8.21+0.42
−0.18
8.05+0.08
−0.07
7.82+0.24
−0.15
7.85+0.13
−0.11
7.92+1.22
−0.28
log(N/O) 0.76+0.56
−0.27
0.12+0.64
−0.26
0.30+0.15
−0.12
−0.30+0.39
−0.23
−1.13+0.11
−0.11
−1.13+1.67
−0.37
log(Ne/O) −0.59+0.39
−0.21
−0.59+0.51
−0.23
−0.60+0.09
−0.07
−0.87+0.27
−0.17
−0.68+0.13
−0.12
−0.54+1.35
−0.35
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Table 11
Ionic Abundances for PNe from the Literature
Galaxy PN ID Te He
◦/H He+/H 105 ×O+/H 105 ×O++/H 106 × N+/H 105 × Ne++/H Ref a
Leo A PN01 20819+1903
−1677
0.108+0.026
−0.025
0.019+0.002
−0.002
0.0373+0.0101
−0.0077
1.9+0.52
−0.4
0.101+0.035
−0.027
0.311+0.108
−0.08
1
Sextans A PN01 20546+1448
−1415
0.044+0.009
−0.009
0.045+0.003
−0.003
1.05+0.82
−0.5
3.24+0.64
−0.48
35.8+6
−4.2
0.213+0.119
−0.089
2,3
Sextans B PN01 13025+2765
−2901
0.087+0.026
−0.019
0.0009+0.0001
−0.0001
0.342+0.649
−0.173
8.91+11.2
−3.7
0.195+0.169
−0.065
1.66+4.04
−1.03
2
Sextans B PN02 16295+2846
−2711
0.083+0.037
−0.03
0.0026+0.0002
−0.0002
0.59+1.146
−0.394
4.85+3.15
−1.59
0.447+0.207
−0.117
0.619+0.811
−0.336
2
Sextans B PN03 20746+3709
−3330
0.059+0.011
−0.009
0.0018+0
−0
0.657+0.747
−0.237
2.05+1.42
−0.72
0.241+0.215
−0.121
0.712+0.513
−0.271
2,3
Sextans B PN04 11206+2764
−3419
0.086+0.023
−0.025
0.0008+0.0001
−0.0001
4.66+51.4
−3.29
18.7+54.7
−9.2
0.522+1.948
−0.439
3.3+17.49
−2.12
2
Sextans B PN05 12534+909
−888
0.115+0.016
−0.015
0.0052+0.0019
−0.0019
0.494+0.506
−0.299
15.7+4.2
−3
1.16+0.34
−0.25
4.95+2.06
−1.37
2
NGC 6822 S33 19479+835
−1253
0.053+0.018
−0.014
0.055+0.002
−0.002
0.254+0.663
−0.125
6.37+1.17
−0.57
20.1+6
−1.8
0.648+0.183
−0.113
8
NGC 6822 pn010 19754+5220
−4183
0.087+0.026
−0.029
0.034+0.007
−0.007
1.92+2.59
−1.02
4.18+3.25
−1.62
0.967+0.711
−0.395
0.992+1.427
−0.573
8
NGC 6822 pn012 14930+5456
−4877
0.075+0.029
−0.029
0.012+0.001
−0.001
1.55+8.95
−1.22
7.75+18.41
−4.12
0.493+1.309
−0.377
2.25+10.51
−1.65
8
NGC 6822 S16 14019+1552
−1441
0.083+0.01
−0.009
0.02+0.003
−0.002
1.34+1.31
−0.66
14.7+5.5
−3.7
1.28+0.69
−0.48
3.02+1.97
−1.16
8
NGC 6822 pn017 21711+8775
−5866
0.024+0.005
−0.006
0.039+0.013
−0.01
0.987+2.291
−0.603
3.3+3.64
−1.57
1.61+1.37
−0.7
0.679+0.894
−0.349
8
NGC 6822 pn020 < 15790 0.08+0.01
−0.011
0.0087+0.0001
−0.0001
0.617+0.307
−0.27
7.95+1.09
−1.01
0.217+0.028
−0.025
2.63+1.18
−0.95
8
NGC 6822 pn019 15735+1499
−1419
0.174+0.011
−0.011
0.002+0
−0
0.0634+0.0231
−0.0156
4.34+1.27
−0.89
0.23+0.221
−0.164
0.637+0.405
−0.257
8
SMC MG13 22563 0.107 1.35 0.205 5
SMC SMP17 12060 0.092 0.0013 0.599 15.5 1.11 4.08 5
SMC SMP13 13489 0.08 0.33 11.5 0.467 1.6 5
SMC SMP15 12446 0.126 0.0003 0.251 9.99 1.5 1.87 5
SMC SMP27 12145 0.091 0.438 10.4 0.612 1.46 5
SMC SMP2 13584 0.071 0.024 0.335 11.5 0.767 1.8 5
SMC SMP5 13584 0.069 0.035 1.24 13.1 2.39 3.16 5
SMC SMP20 13348 0.093 0.0003 0.143 5.8 0.378 0.733 5
SMC SMP6 13970 0.104 0.0004 0.151 9.91 3.31 1.89 5
SMC SMP24 10973 0.095 1.77 10.5 2.75 1.49 5
SMC SMP8 12622 0.083 0.213 10.4 1.18 5
SMC SMP14 12889 0.06 0.032 0.751 14.2 1.32 3.49 5
SMC SMP19 13824 0.053 0.035 0.57 10.7 1.13 2.81 5
SMC SMP4 15354 0.114 0.0004 0.0399 6.83 0.195 1.06 5
SMC SMP18 10596 0.086 3.35 8.75 2.38 2.13 5
SMC SMP10 9276 0.074 0.0004 1.74 36.5 3.49 4.65 5
SMC SMP3 13442 0.12 0.0095 0.244 11 0.441 1.56 5
SMC SMP23 12710 0.092 0.0024 0.206 12.9 0.387 2.52 5
SMC SMP21 23123 0.09 0.036 0.135 2.15 3.93 0.909 5
SMC SMP1 11050 0.085 0.918 5.83 2.56 0.287 5
SMC SMP11 17538 0.08 1 2.34 0.965 0.218 5
SMC SMP22 25954 0.057 0.06 0.202 0.863 6.46 0.365 5
SMC SMP9 13117 0.026 0.049 1.26 13.4 2.17 1.95 5
SMC SMP16 11605 0.055 2.75 3.74 1.77 0.166 5
SMC SMP7 18163 0.026 0.0083 0.325 5.89 0.712 1.4 5
SMC SMP25 32812 0.045 0.056 0.0287 0.741 1.09 0.263 5
SMC SMP28 24713 0.08 0.047 0.114 1.03 5.54 0.537 5
SMC SMP26 15035 0.081 0.015 1.87 5.72 21 1.81 5
SMC SP34 15354 0.063 0.009 2.09 4.29 5.87 0.789 5
LMC J15 11444 0.06 0.0057 13.56 16.1 21.6 5.27 5
LMC J31 12403 0.072 0.029 1.51 20.9 9.12 4.99 5
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Table 11—Continued
Galaxy PN ID Te He
◦/H He+/H 105 ×O+/H 105 ×O++/H 106 × N+/H 105 × Ne++/H Ref a
LMC J33 12800 0.055 14.8 2.88 5
LMC J41 15571 0.069 0.0066 0.358 5.75 0.484 5
LMC J5 17910 0.015 0.036 1.17 2.43 14.9 1.71 5
LMC MA04 16935 0.071 0.231 4.56 0.899 5
LMC MA06 16699 0.053 2.28 6.06 33.1 1.7 5
LMC MA10 18744 0.056 2.06 3.65 18.5 2.28 5
LMC MA12 13348 0.016 4.62 10.9 15.6 3.03 5
LMC MA13 20673 0.067 1.13 2.75 22.1 1.3 5
LMC MA15 16013 0.066 2.94 1.91 5.03 5
LMC MA16 16583 0.082 0.608 6.52 2.8 1.26 5
LMC MA17 15571 0.063 4.36 4.59 10.3 5
LMC MA18 14569 0.054 0.04 1.07 10.7 6.11 2.41 5
LMC MG03 13209 7.26 8.91 12.3 4.5 5
LMC MG07 12980 0.011 11.73 14 20.6 4.21 5
LMC MG21 16641 0.094 2.91 0.447 5
LMC SMP104a 17599 0.023 0.051 0.0635 1.26 0.394 0.463 5
LMC SMP62 15571 0.085 0.024 0.589 10.5 3.35 2.22 5
LMC SMP73 12980 0.078 0.028 1.87 19.6 5.87 4.9 5
LMC SMP99 12622 0.087 0.021 1.99 20.4 12 3.53 5
LMC SMP78 13776 0.07 0.025 0.949 17 3.69 3.31 5
LMC SMP92 13163 0.075 0.033 4.31 20.7 6.25 4.34 5
LMC SMP63 11484 0.091 1.15 21.7 2.54 3.76 5
LMC SMP81 14117 0.09 16 1.06 2.44 5
LMC SMP89 13348 0.071 0.011 1.65 18.5 2.26 4.8 5
LMC SMP47 14417 0.118 0.039 0.808 12.3 21.1 3.84 5
LMC SMP38 12844 0.098 2.28 16.9 6.1 4.38 5
LMC SMP75 11646 0.092 20.2 2.6 4.46 5
LMC SMP53 16410 0.092 0.761 10.7 4.13 2.28 5
LMC SMP61 11444 0.113 9.18 15.1 8.62 2.62 5
LMC SMP1 11564 0.147 0.705 18.3 1.98 2.66 5
LMC SMP74 12403 0.091 0.023 2.46 19.2 4.29 4.43 5
LMC SMP6 13442 0.057 0.031 1.97 14.2 2.98 3.69 5
LMC SMP48 13255 0.132 0.784 9.04 3.19 1.69 5
LMC SMP58 12578 0.084 0.0015 0.163 11.7 0.647 1.56 5
LMC SMP50 13632 0.092 0.016 0.388 13.3 0.737 2.5 5
LMC SMP19 13680 0.057 0.04 3.33 15.7 7.34 4.02 5
LMC SMP76 11324 0.102 0.67 13.5 1.46 2.35 5
LMC SMP35 13348 0.063 0.016 1.34 17.7 4.6 3.05 5
LMC SMP29 19962 0.064 0.061 0.29 4.73 16.9 0.995 5
LMC SMP21 19685 0.062 0.047 0.707 5.08 24.2 1.2 5
LMC SMP83 17661 0.056 0.052 0.547 6.38 6.65 1.46 5
LMC SMP33 13302 0.059 0.039 2.78 17.6 8.32 3.68 5
LMC SMP32 15625 0.045 0.061 1.02 9.12 2.4 1.81 5
LMC SMP23 11245 0.085 0.65 18.7 0.56 2.6 5
LMC SMP71 12710 0.067 0.036 1.6 22.2 8.3 4.73 5
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Table 11—Continued
Galaxy PN ID Te He
◦/H He+/H 105 ×O+/H 105 ×O++/H 106 × N+/H 105 × Ne++/H Ref a
LMC SMP13 14620 0.053 0.038 1.28 11.7 1.28 2.86 5
LMC SMP37 14117 0.049 0.038 1.89 14.4 14.4 2.48 5
LMC SMP66 11893 0.073 0.02 23.8 0.205 3.78 5
LMC SMP84 14117 0.085 0.378 7.7 1.38 5
LMC SMP101 15035 0.036 0.064 0.679 10.5 0.994 3.15 5
LMC SMP3 13921 0.066 0.433 4.84 0.904 0.791 5
LMC SMP97 14620 0.03 0.057 0.262 10.9 0.495 1.61 5
LMC SMP85 11128 0.081 1.39 8.38 6.57 1.17 5
LMC SMP8 11128 0.151 0.317 12.5 2.96 2.26 5
LMC SMP87 25954 0.061 0.077 0.926 3.13 28.8 1.33 5
LMC SMP36 14266 0.09 0.032 17.6 2.5 4.36 5
LMC SMP51 12060 0.097 0.906 18.7 1.74 2.17 5
LMC SMP45 15790 0.064 0.017 1.02 8.25 5.12 2.13 5
LMC SMP10 17477 0.053 0.0043 0.674 5.33 4.71 1.77 5
LMC SMP7 19548 0.034 0.069 1.1 5.54 20.5 1.01 5
LMC SMP77 11324 0.118 2.88 7.25 4.1 0.946 5
LMC SMP41 15354 0.036 0.05 0.872 9.13 9.23 2.2 5
LMC SMP42 14878 0.082 0.007 0.111 9.89 0.907 1.63 5
LMC SMP67 12145 0.094 4.12 5.18 28.6 1.15 5
LMC SMP40 14518 0.042 0.051 2.66 9.68 11.4 3.12 5
LMC SMP16 22802 0.058 0.065 0.951 3.28 19.1 1.24 5
LMC SMP102 16410 0.033 0.063 0.131 5.75 0.92 5
LMC SMP5 12935 0.062 4.07 4.2 1.37 0.238 5
LMC SMP96 22962 0.097 0.081 0.634 2.69 22.5 1.13 5
LMC SMP4 13680 0.037 0.032 0.184 13.3 3.08 5
LMC SMP60 16238 0.085 0.274 7.19 1 1.81 5
LMC SMP46 14826 0.053 0.028 2.65 9.94 16.6 2.49 5
LMC SMP69 15516 0.037 0.065 1.52 7.65 44.9 2.31 5
LMC SMP95 13395 0.025 5.74 13.2 19.8 4.15 5
LMC SMP9 14467 0.056 0.034 4.38 8.45 15.8 3.11 5
LMC SMP44 20386 0.055 1.11 3.95 24.8 1.42 5
LMC SMP18 16641 0.081 6.23 1.2 5
LMC SMP54 20673 0.044 0.078 1.19 3.53 32.1 1.42 5
LMC SMP55 12800 0.071 0.0011 1.88 2.4 7.21 5
LMC MG29 15141 0.058 2.12 8.82 9.72 2.32 5
LMC SMP15 13727 0.105 0.026 1.57 12.8 2.81 3.48 5
LMC SMP20 19075 0.056 0.059 0.886 3.88 23.6 1.55 5
LMC SMP65 10596 0.114 0.768 21 2.78 5
LMC SMP56 13025 2.53 3.95 1.45 0.204 5
LMC SMP88 29958 0.033 0.085 0.143 0.671 2.16 0.236 5
LMC SMP72 19209 0.068 0.26 4.59 0.829 0.711 5
LMC SMP93 13584 0.061 0.047 5.74 6.24 142.1 3.35 5
LMC MG83 27257 0.155 1.88 4.89 22.8 1.01 5
LMC SMP2 12018 0.092 4.25 4.84 4.67 5
LMC SMP24 12666 0.066 4.46 16.3 9.79 5.7 5
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Galaxy PN ID Te He
◦/H He+/H 105 ×O+/H 105 ×O++/H 106 × N+/H 105 × Ne++/H Ref a
LMC MG45 15408 0.072 0.015 0.15 12.7 2.63 3.4 5
LMC SMP14 20819 0.05 0.087 1.26 3.53 31.8 1.8 5
LMC SMP31 12145 0.036 0.531 0.698 6.7 0.0117 5
LMC MG46 17538 0.065 1.1 4.14 24.1 1.67 5
LMC J21 20103 0.072 6.63 1.08 5
LMC J24 18744 0.019 1.73 2.88 54.5 1.29 5
LMC MG44 16467 0.065 5.78 1.05 5
LMC J10 20891 0.072 0.193 2.41 2.16 0.645 5
M31 bulge PN027 16013 0.102 0.0061 0.13 14.7 0.898 4.46 4,6
M31 bulge PN029 10707 0.082 0.016 0.972 49.4 5.79 12 4,6,7
M31 bulge PN001 10089 0.012 1.77 61.7 14.1 15.6 4,7
M31 bulge PN023 13071 0.096 0.012 0.387 20.6 5.19 4,7
M31 bulge PN056 15516 0.016 0.387 12.3 0.636 6
M31 bulge PN181 29335 0.058 0.191 3.06 0.557 6
M31 bulge PN033 12666 0.052 0.0034 19 4.37 4
M31 bulge PN075 13286 0.483 1.25 19.1 6.32 3.19 4
M31 bulge PN125 13286 0.102 0.534 12.3 4.42 2.14 4
M31 bulge PN177 8926 0.13 6.55 23.6 35.4 7.44 4
M31 bulge PN179 13286 0.102 10.5 5.52 2.88 4
M31 bulge PN455 13286 14 0.857 4
M31 bulge PN470 13286 0.826 11.74 10.3 27.5 4
M31 bulge PN478 22643 0.083 0.41 1.77 1.88 0.35 4
M31 bulge PN172 13071+2609
−1905
0.108+0.014
−0.017
0.005+0.0007
−0.0006
0.484+0.839
−0.302
27.6+17.6
−10.9
5.45+9.82
−3.49
7
M31 bulge PN031 10670+1560
−1296
0.0053+0.0007
−0.0006
1.08+1.63
−0.63
63.1+38
−22.9
14.5+21.8
−8.5
7
M31 bulge PN080 < 9674 0.0064+0.0009
−0.0008
2.78+4.51
−1.76
71+23.1
−18.7
12.9+15.6
−7.1
7
M31 bulge PN030 < 9276 0.019+0.007
−0.005
7.35+11.82
−4.58
93.2+30.8
−24.9
15.7+19.6
−8.7
7
M31 bulge PN028 < 8619 0.0082+0.0018
−0.0013
4.08+8.11
−2.68
128+62.6
−44.4
19.1+41.2
−13.1
7
M31 bulge PN012 13071+5607
−3192
0.082+0.007
−0.021
0.018+0.014
−0.009
1.34+7.41
−1.11
26.5+40.5
−16.1
6.6+36.57
−5.52
7
M31 bulge PN010 < 13584 0.164+0.04
−0.056
0.012+0.004
−0.003
0.376+1.609
−0.304
16.1+13.6
−8.3
2.53+10.93
−2.07
7
M31 bulge PN003 < 10231 0.253+0.027
−0.035
0.0095+0.0021
−0.0017
0.812+1.552
−0.531
64.1+34.6
−23.5
10+19.3
−6.6
7
M31 bulge PN038 < 10559 0.0064+0.001
−0.0008
0.818+1.744
−0.593
35.7+13.1
−10.3
5.42+7.67
−3.22
7
M31 bulge PN036 14518+3581
−2542
0.063+0.006
−0.009
0.006+0.0009
−0.0008
0.345+0.676
−0.223
13.1+9.9
−5.6
3.56+7.22
−2.35
7
M31 bulge PN053 10089+1638
−1440
0.201+0.009
−0.015
0.0042+0.0005
−0.0005
1.47+3.95
−1.05
66.4+52.3
−26.5
11.4+21.5
−7
7
M31 bulge PN052 < 11206 0.046+0.025
−0.019
0.018+0.012
−0.008
1.79+4.72
−1.3
32.8+19.2
−14
4.13+11.69
−3.11
7
M31 bulge PN042 12359+1807
−1425
0.083+0.006
−0.008
0.0052+0.0006
−0.0006
0.402+0.514
−0.222
37.5+18.7
−12.6
5.87+7.43
−3.25
7
M31 bulge PN045 15035+2199
−1687
0.106+0.01
−0.011
0.0037+0.0003
−0.0003
0.277+0.42
−0.177
14.5+5.7
−4.2
3.11+2.98
−1.53
7
M31 bulge PN043 < 11404 0.122+0.009
−0.016
0.006+0.0009
−0.0007
0.841+1.079
−0.467
32.4+11.5
−9.1
6.71+9.2
−3.89
7
M31 bulge PN048 9810+1162
−1039
0.201+0.008
−0.011
0.0033+0.0021
−0.0018
0.67+0.803
−0.347
77.2+41.3
−25.2
18.2+21
−9.3
7
M31 bulge PN095 < 9276 0.132+0.008
−0.009
0.0025+0.0002
−0.0002
1.34+1.33
−0.72
45.1+7.4
−6.2
8.89+4.8
−3.05
7
M31 bulge PN047 9540+1666
−1587
0.148+0.01
−0.013
0.0035+0.0004
−0.0004
1.17+4.35
−0.91
59.2+61.5
−25.2
8.31+19.47
−5.24
7
M31 bulge PN408 < 11209 0.027+0.012
−0.007
34+66.2
−19.9
7
M31 bulge PN093 < 10935 0.165+0.024
−0.036
0.013+0.006
−0.004
1.68+4.15
−1.21
51.6+21.7
−17.2
7.82+13.78
−4.97
7
M31 bulge PN092 11810+2063
−1685
0.126+0.02
−0.02
0.005+0.0006
−0.0005
1.71+3.82
−1.16
34.7+23.2
−13.2
7.05+12.24
−4.32
7
M31 bulge PN097 9440+1082
−1204
0.157+0.015
−0.015
0.0035+0.0002
−0.0002
1.12+1.26
−0.48
73.7+55.7
−25.2
8.3+4.52
−2.31
11+13.4
−5.1
7
M31 bulge PN091 12710+2970
−2189
0.0065+0.001
−0.0009
0.555+1.267
−0.372
23.5+19.7
−10.4
2.81+6.84
−1.95
7
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Galaxy PN ID Te He
◦/H He+/H 105 ×O+/H 105 ×O++/H 106 × N+/H 105 × Ne++/H Ref a
M31 bulge PN387 10522+1455
−1245
0.12+0.01
−0.014
0.013+0.004
−0.003
4.76+7.88
−2.9
46.7+27.5
−16.4
9.45+13
−5.29
7
M31 bulge PN380 14068+1448
−1358
0.115+0.012
−0.012
0.0046+0.0003
−0.0003
0.366+0.211
−0.124
22.8+9.3
−6.1
1.47+0.51
−0.37
3.6+2.44
−1.39
7
M31 disk FJCHP51 11686 0.093 0.037 1.3 31.8 19 6.79 4
M31 disk FJCHP57 10973 0.108 1.35 17.5 4.83 0.227 4
M31 disk FJCHP58 11011 0.081 0.0074 25.6 4.33 4
M31 disk PN290 10670 0.142 0.0046 3.23 26.1 9.65 4.62 9
M31 disk PN363 11284 0.144 4.47 34 11.9 9.68 9
M31 disk PN372 16525 0.3 9.24 2.18 2.76 9
M32 PN24 18354+4850
−3476
0.124+0.102
−0.086
0.035+0.024
−0.015
0.794+1.763
−0.527
10.8+10.7
−5.1
14+6.8
−4.5
2.16+4.31
−1.39
7
M32 PN6 13117+3700
−3238
0.19+0.071
−0.056
0.03+0.024
−0.015
0.402+2.83
−0.365
25.8+50.5
−14.2
4.27+5.14
−1.99
5.58+24.02
−4.14
7
M32 PN25 < 18941 0.204+0.061
−0.051
0.035+0.033
−0.012
9.73+13.04
−5.48
7.84+2.77
−2.86
2.29+9.69
−1.8
7
NGC 147 PN02 15354+3787
−2688
0.076+0.024
−0.022
0.0031+0.0021
−0.0013
0.0913+0.2438
−0.0666
8.5+9.15
−4.27
1.21+0.74
−0.49
0.797+1.736
−0.539
10
NGC 147 PN03 16013+2666
−2140
0.038+0.01
−0.009
0.012+0.005
−0.004
6.35+4.3
−2.47
0.0691+0.0389
−0.0274
0.193+0.267
−0.112
10
NGC 147 PN04 8895+881
−858
0.147+0.022
−0.021
0.0014+0.0006
−0.0004
2.53+3.61
−1.41
18.9+13.3
−7.1
12.4+5.1
−3.3
1.87+2.55
−1.03
10
NGC 147 PN07 11050+1440
−1240
0.134+0.023
−0.023
0.0033+0.0016
−0.0012
0.175+0.29
−0.109
19.4+13.6
−7.6
0.199+0.116
−0.079
10
NGC 147 PN06 < 14569 0.035+0.012
−0.011
0.005+0.0029
−0.0021
0.439+0.995
−0.292
7.42+7.9
−3.57
8.87+5.34
−3.22
10
NGC 147 PN01 13921+2374
−1987
0.089+0.024
−0.022
0.0086+0.0039
−0.0029
0.0778+0.1416
−0.0494
9+7.18
−3.74
0.528+0.306
−0.199
10
Sagittarius He 2-436 14417 0.115 0.0006 0.145 9.18 0.909 1.6 11
Sagittarius Wray 16-42 12490 0.106 0.0096 0.603 18.6 1.94 3.26 11
Sagittarius StWr 2-21 11484+40
−40
0.072+0.001
−0.001
0.035+0
−0
1.05+0.06
−0.05
22.6+0.3
−0.3
1.62+0.03
−0.03
4.54+0.07
−0.07
12
Fornax PN01 10195+363
−316
0.101+0.007
−0.006
0.0002+0.0001
−0.0001
1.92+1.61
−0.9
17.6+3.2
−2.7
1.03+0.14
−0.12
2.51+0.75
−0.6
13
aReferences for line intensities: (1) van Zee et al. (2006); (2) Magrini et al. (2005); (3) Kniazev et al. (2005); (4) Jacoby & Ciardullo (1999); (5)
a compilation of Aller et al. (1987), Barlow (1987), Monk et al. (1987), Wood et al. (1987), Dopita et al. (1988), Meatheringham et al. (1988),
Henry et al. (1989), Meatheringham et al. (1988), Meatheringham & Dopita (1991a), Meatheringham & Dopita (1991b), Dopita & Meatheringham
(1991), Vassiliadis et al. (1992), Jacoby & Kaler (1993), Leisy & Dennefeld (1996): see Richer (1993), Richer & McCall (1995), and Stasin´ska et al.
(1998) for more details; (6) Roth et al. (2004); (7) Richer et al. (1999); (8) Richer & McCall (2007); (9) Jacoby & Ford (1986); (10) Gonc¸alves et al.
(2006); (11) Dudziak et al. (2000); (12) Zijlstraa et al. (2006); (13) Knaizev et al. (2006)
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Fig. 1.— This is a finder chart ([O III]λ5007) for
PN #3273 from the list of Merrett et al (2006),
in the field of M32. North is up and east is to the
left. The vertical bar at right is 30′′ long.
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Fig. 2.— Line intensities presented here for plane-
tary nebulae in M32 are compared with those pre-
sented in Richer et al. (1999). None of the line
intensities are corrected for reddening. The diag-
onal line indicates perfect agreement. Generally,
the agreement is reasonable. Lines stronger than
Hβ have relative uncertainties of about 10% while
those whose intensities are of order 0.1I(Hβ) have
relative uncertainties of order 100%.
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Fig. 3.— Oxygen abundances presented here for
planetary nebulae in M32 are compared with those
presented in Richer et al. (1999). The symbols
differentiate objects with measured temperatures
from those with only upper limits to the temper-
ature in the previous or both studies. The diago-
nal line indicates perfect agreement, expected only
for objects with temperatures measured in both
studies. The electron temperatures or limits found
here are lower than the upper limits formerly avail-
able, so our oxygen abundances are larger.
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Fig. 9.— These histogram present distributions of
the helium enrichment in bright planetary nebu-
lae. Enrichment is defined as the increase relative
to the relation expected in the interstellar medium
in dwarf star-forming galaxies (Olive et al. 1997).
The vertical line corresponds to an enrichment by
50% with respect to the supposed helium abun-
dance in the progenitor.
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Fig. 4.— We plot the absolute luminosity in [O III]λ5007 as a function of oxygen abundance for all of the
bright extragalactic planetary nebulae considered here. The solid line is the relation found theoretically by
Dopita et al. (1992). Below 12 + log(O/H) ∼ 7.9 dex, the [O III]λ5007 luminosity appears to depend upon
the oxygen abundance, but there is no obvious dependence at higher abundances. Note that the [O III]λ5007
luminosities are not corrected for reddening and are based upon the distances in Richer & McCall (1995),
except for Leo A, whose distance is adopted from Lee et al. (2003).
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Fig. 5.— Neon abundances are plotted as a function of oxygen abundances for planetary nebulae in M32,
NGC 185, and NGC 205. The data for other galaxies are drawn from the literature. The dashed line is a
fit to these abundances in planetary nebulae in galaxies without star formation. The solid line shows the
relation between oxygen and neon abundances in emission-line galaxies (ELGs) from Izotov et al. (2006),
with the dotted lines denoting the scatter about their relation. Clearly, the data for bright planetary nebulae
are not obviously offset from that for emission-line galaxies. In this and following diagrams, error bars are
only shown for the planetary nebulae in M32, NGC 185, and NGC 205 to help improve clarity. In general
(here and in the following plots), the uncertainties are similar for the LMC, SMC, NGC 147, and NGC 6822,
significantly lower for Sex A, Sex B, Leo A, Fornax, and Sagittarius, and slightly larger for the planetary
nebulae in the bulge and disk of M31. For reference, the median uncertainty for the oxygen abundances in
NGC 185, NGC 205, and M32 is approximately 0.2 dex.
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Fig. 6.— The N/O ratio is plotted as a function of oxygen abundance for the bright planetary nebulae in
M32, NGC 185, and NGC 205 as well as for their counterparts in other galaxies drawn from the literature.
For clarity, error bars are only drawn for the data presented in this paper (see Fig. 5). The arrow indicates
the change in position of a point if the temperature decreases from 1.5 × 104K to 104K, assuming 12 +
log(O/H) = 8.0 dex. The horizontal line denotes the lower limit to the N/O ratio found in emission-line
galaxies (Izotov et al. 2006). It is somewhat surprising that the N/O ratio in bright planetary nebulae
covers the same range in galaxies with and without ongoing star formation.
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Fig. 7.— The helium abundance is plotted as a function of the oxygen abundance for the bright planetary
nebulae in M32, NGC 185, and NGC 205 as well as for their counterparts in other galaxies drawn from the
literature. For clarity, error bars are only drawn for the data presented in this paper (see Fig. 5). The line
shows the relation between helium and oxygen abundances in H II regions in emission-line galaxies from
Olive et al. (1997, sample B).
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Fig. 8.— The N/Ne ratio is plotted as a function of the Ne/O ratio for the bright planetary nebulae in
M32, NGC 185, and NGC 205 as well as for their counterparts in other galaxies drawn from the literature.
For clarity, error bars are only drawn for the objects that appear to have dredged up oxygen (if these errors
are known). The vertical dashed line shows the Ne/O ratio found in emission-line galaxies at an oxygen
abundance of 12+ log(O/H) = 8.0 dex while the short solid line shows the relation between N/Ne and Ne/O
as the oxygen abundance varies over the interval 7.0 dex < 12 + log(O/H) < 8.5 dex, assuming the limiting
value of N/O (Izotov et al. 2006).
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